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Abstract
The high deployment and maintenance costs of last mile wireline networks (i.e., DSL
and cable networks) have urged service providers to search for new cost-effective solu-
tions to provide broadband connectivity. Broadband wireless access (BWA) networks,
which offer a wide coverage area and high transmission rates in addition to their fast
and low-cost deployment, have emerged as an alternative to last mile wireline networks.
Therefore, BWA networks are expected to be deployed in areas with different terrain pro-
files (e.g., urban, suburban, rural) where wireless communication faces different channel
impairments. This fact necessitates the adoption of various transmission technologies
that combat the channel impairments of each profile. Implementation scenarios of BWA
networks considered in this thesis are multicarrier-based direct transmission and single
carrier-based cooperative transmission scenarios. The performance of these transmission
technologies highly depends on how resources are allocated. In this thesis, we focus on
the development of practical resource allocation schemes for the mentioned BWA net-
works implementation scenarios. In order to develop practical schemes, the imperfection
of channel state information (CSI) and computational power limitations are among con-
sidered practical implementation issues.
The design of efficient resource allocation schemes at the MAC layer heavily relies
on the CSI reported from the PHY layer as a measure of the wireless channel condition.
The channel estimation error and feedback delay renders the reported CSI erroneous.
The inaccuracy in CSI propagates to higher layers, resulting in performance degradation.
Although this effect is intuitive, a quantitative measure of this degradation is necessary
for the design of practical resource allocation schemes. An approach to the evaluation
of the ergodic mutual information that reflects this degradation is developed for single
carrier, multicarrier, direct, and cooperative scenarios with inaccurate CSI. Given the
CSI estimates and estimation error statistics, the presented evaluation of ergodic mutual
information can be used in resource allocation and in assessing the severity of estimation
error on performance degradation.
A point-to-multipoint (PMP) network that employs orthogonal frequency division
iii
multiple access (OFDMA) is considered as one of the most common implementation
scenarios of BWA networks. Replacing wireline networks requires not only providing
the last mile connectivity to subscribers but also supporting their diverse services with
stringent quality of service (QoS) requirements. Therefore, the resource allocation prob-
lem (i.e., subcarriers, rate and power allocation) is modeled as a network utility maxi-
mization (NUM) one that captures the characteristics of this implementation scenario. A
dual decomposition-based resource allocation scheme that takes into consideration the
diversity of service requirements and inaccuracy of the CSI estimation is developed. Nu-
merical evaluations and simulations are conducted to validate our theoretical claims that
the scheme maximizes resource utilization, coordinates with the call admission controller
to guarantee QoS, and accounts for CSI inaccuracy.
Cooperation has recently received great attention from the research community and
industry because of its low cost and fast deployment in addition to the performance im-
provement it brings to BWA networks. In cooperative scenarios, subscribers cooperate to
relay each other’s signals. For this implementation scenario of BWA networks, a robust
and constrained Kalman filter-based power allocation scheme is proposed to minimize
power consumption and guarantee bit error probability (BEP) requirements. The pro-
posed scheme is robust to CSI inaccuracy, responsive to changes in BEP requirements,
and optimal in allocating resources.
In summary, research results presented in this thesis contribute to the development of
practical resource allocation schemes for BWA networks.
iv
Acknowledgements
This thesis would not have been possible without the support of many people. I wish to
express my gratitude to my supervisor, Prof. Xuemin (Sherman) Shen who was abun-
dantly helpful and offered endless support and guidance. He is a role model of profes-
sionalism, integrity, respect, and work ethic who I admire.
I would like to thank my committee, Prof. Sagar Naik, Prof. Kumaraswamy Ponnam-
balam, Prof. Liang-Liang Xie and the external examiner, Prof. Xianbin Wang from the
University of Western Ontario, for their constructive feedback and valuable comments. I
appreciate the time and effort they devoted for reading my thesis.
Gratitude is also due to Prof. Jon W. Mark without whose knowledge and guid-
ance this study would not have been successful. I am also grateful to my colleagues Dr.
Mehri Mehrjoo and Dr. Mahinthan Veluppillai who have helped me in developing the
approaches and ideas presented in this thesis. I would like to extend my special thanks to
all members of the Broadband Communication Research (BBCR) group for their discus-
sions and suggestions in our weekly group meeting. I would also like to convey thanks
to my uncles Mohammad Awad, Abbas Farhat and Dr. Ali Farhat for their assistance and
support throughout various stages of my education.
I like to express my deepest gratitude to my parents, brothers and sister without whose
motivation and endless support completing this work would not have been possible. Spe-
cial thanks to my brothers Ali and Hadi for assisting me in producing various illustrative
images. I am in debt to my wife Rouba for her support, encouragement, patience and
endless love throughout my studies. I can’t thank enough my son Khattar and daughter
Tala for their understanding at times when I was unavailable.
v
Dedication
To martyrs who sacrificed their lives for us to live in liberty.
To Parents, Khattar Awad & Zeinab Farhat
To my wife, Rouba and my children, Khattar and Tala
To my niece, Zeina
vi
Contents
List of Tables ix
List of Figures x
List of Abbreviations xiv
List of Symbols xvi
Notations xviii
1 Introduction 1
1.1 Research Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Problem Description . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Research Objectives and Contributions . . . . . . . . . . . . . . . . . . 6
1.4 Thesis Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.5 Bibliographic Notes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2 Overview of Broadband Access Networks 11
2.1 The Radio Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.1 Large-scale Fading . . . . . . . . . . . . . . . . . . . . . . . . 14
vii
2.2 Overview of OFDM and OFDMA . . . . . . . . . . . . . . . . . . . . 15
2.2.1 Orthogonal Frequency Division Multiplexing (OFDM) . . . . . 16
2.2.1.1 Transmitter . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.1.2 Channel . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.1.3 Receiver . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.2 Orthogonal Frequency Division Multiple Access (OFDMA) . . 22
2.3 Relay Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4 Literature Survey and Commonly Invoked Assumptions . . . . . . . . . 28
3 Ergodic Mutual Information of OFDMA-based Cooperative Networks 31
3.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 SDF Ergodic Mutual Information . . . . . . . . . . . . . . . . . . . . . 37
3.2.1 Direct and Cooperative Transmission Probabilities:
Pr
{
Iab ≤ R} and Pr {Iab > R} . . . . . . . . . . . . . . . . 38
3.2.2 Conditional Direct Transmission Ergodic Mutual Information,
E
[
Iad|Iab] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.2.3 Conditional Cooperative Transmission Ergodic Mutual Informa-
tion E
[
Iabd|Iab] . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.2.3.1 A General Case . . . . . . . . . . . . . . . . . . . . 42
3.2.3.2 A Special Case . . . . . . . . . . . . . . . . . . . . . 43
3.3 Performance Evaluations . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.3.1 Numerical Evaluations . . . . . . . . . . . . . . . . . . . . . . 45
3.3.2 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
viii
4 Resource Allocation for OFDMA-based PMP Multiservice Networks 52
4.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2 Expected Rate with Imperfect CSI . . . . . . . . . . . . . . . . . . . . 57
4.3 Problem Formulation and Solutions . . . . . . . . . . . . . . . . . . . 59
4.4 Complexity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.5 Performance Evaluations . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5 Power Allocation for Single Carrier Cooperative Networks 76
5.1 System Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.1.1 Cooperative Diversity Scheme Under Consideration . . . . . . 81
5.1.2 Average Bit Error Probability . . . . . . . . . . . . . . . . . . 83
5.2 Problem Formulation and Proposed Power Allocation Scheme . . . . . 84
5.2.1 Summary of the Proposed Scheme . . . . . . . . . . . . . . . . 92
5.3 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
6 Conclusions and Further Works 100
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
6.2 Further Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
Appendices 104
A Mapping to d-MKP problem and NP-completeness 105




2.1 Technical specifications the subscriber, base and relay stations . . . . . 26
x
List of Figures
1.1 Illustration of BWA networks. . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Wireless channel effect: (a) delay dispersion (b) frequency selectivity . 13
2.2 The PHY transmitter and receiver structure for OFDM. . . . . . . . . . 17
2.3 OFDM frame in time and frequency domains. . . . . . . . . . . . . . . 19
2.4 OFDMA transmitter and receiver’s PHY structure and MAC operations 23
2.5 Cell radius dependant Outage probability (Figure 2 of [1]) . . . . . . . 24
2.6 Illustration of a IEEE 802.16 base station and relay station radio coverage. 27
3.1 Illustration of an OFDMA-based cooperative relay network. . . . . . . 32
3.2 Illustrative SDF network with the actual, estimated and imperfect CSI on
the three links in the uplink mode. . . . . . . . . . . . . . . . . . . . . 34
3.3 Change in mutual information as the direct (i.e., sa to rb) mutual infor-
mation increases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.4 Percentage increase in mutual information when CSI imperfection is
taken into account in both cooperative (Coop) and direct (Direct) trans-
mission modes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.5 Effect of CSI inaccuracy on the ergodic mutual information. . . . . . . 47
3.6 Ergodic mutual information of the cooperative mode. . . . . . . . . . . 50
xi




2 is prefixed to 20 dB. . . . . . . . . . . . . . . . . . . . . . 51
4.1 Illustrative PMP network of one subscriber station and a base station
showing various components involved in resource allocation. Tx and
CE, respectively, stand for transmitter and channel estimator. . . . . . . 55
4.2 Hierarchy of decomposed dual problem. . . . . . . . . . . . . . . . . . 64
4.3 Expected rate achieved given perfect CSI, Hsn (first scenario), estimated
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Broadband wireless access (BWA) networks are being developed to replace the last mile
wireline access networks such as DSL and cable networks. The simple and small receiver
structure allows BWA networks to provide service directly to subscribers, without the
need for intermediate receivers (i.e., modems), which is the case for wireline networks.
In addition, BWA networks are suitable for providing service in countries that lack fiber
optics infrastructure, or have low population density or with rough topographies where
laying cables is expensive. Because of their fast deployment in comparison to wired
networks, they can be used in disaster recovery [2]. Standards that specify the technical
aspects of the network under consideration are IEEE 802.161, the high performance radio
metropolitan area network (HiperMAN), the European telecommunication standard, and
the 3rd generation partnership project (3GPP) [3].
In spite of the above-mentioned advantages of BWA networks over wireline net-
works, wireless networks are challenged by channel impairments. In particular, wire-
less systems suffer from frequency selective fading and distance dependent fading (i.e.,
1WiMAX is a commercialization of IEEE 802.16, and WiMAX certified products do not support all
features specified in the IEEE 802.16 standard.
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large-scale fading). While small-scale fading results in intersymbol interference (ISI),
large-scale fading attenuates the transmitted signal strength below the minimum level
that is required for correct decoding. Solutions to overcome the wireless communica-
tion challenges are still being developed by both the research community and industry.
Generally, multicarrier transmission has been proposed as a replacement for single car-
rier transmission in scenarios where multipath fading is severe, and relaying has been
proposed to overcome the challenge of distance dependent fading. However, as with
most engineering designs, there is a trade off between performance and complexity; in
addition, in certain implementations these challenges may not always be faced by BWA
networks. Therefore, multicarrier and/or relaying technologies may not always be the
best solution(s) and the consideration of single carrier or multicarrier transmissions, and
direct or relaying transmissions in resource allocation schemes become necessary.
The absence of wireless coverage could be life threatening for service subscribers in
emergency situations or for patients who are being wirelessly monitored. However, from
the service providers’ point of view, extending the service coverage in less populated
areas is financially expensive as the expected revenue is less than the infrastructure and
operating costs: cabling, land leasing and base station installation costs. The use of
wireless relay technologies reduces these costs via wirelessly backhauling the traffic to
the wired network. In other words, relay technologies help service providers to reach out
subscribers who are beyond the base station (BS) coverage area, without installing a new
BS which would also require a wired connection to the backbone. Because of the limited
radio frequency spectrum, the frequency bands to be allocated to fourth-generation (4G)
technologies are above 3 GHz [4]. Such 4G systems are more vulnerable to no-line-of-
sight propagation due to high penetration loss at high frequencies. As a result, signals
experience large propagation losses that degrade transmission performance [5]. Wireless
relay technologies take advantage of the broadcasting nature of wireless transmissions
to retransmit received signals to an intended destination. To further exploit wireless
channel capacity, a subscriber station can cooperate with a relay station through a time
division duplex (TDD) based decode-and-forward (DF) relaying scheme. In this way, the
2
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destination receives the direct signal from the transmitter in the first frame and receives
the same signal but regenerated by the relay station in the second [6]. The transmission
between the source and relay limits the performance of DF. Thus, DF can be further
improved by selection of a relay to cooperate only if cooperation brings performance
improvement in a selection-decode-and-forward (SDF) scheme. The relay technology
properties of reducing the propagation loss and deployment cost, in addition to exploiting
spatial diversity, have been receiving major attention from various standards working
groups.
Since the first mobile communication system (i.e., advanced mobile phone services
(AMPS)) became commercially available in the mid-1980s, wireless systems have been
challenged to support an increasing demand for high data rates and stringent quality of
service (QoS) anywhere, at any time. However, single-carrier signals are limited by the
channel coherence bandwidth. As the data rate increases (signal bandwidth increases),
the signal becomes subject to ISI in frequency selective channels. This challenge can be
overcome if the wide-band signal is transmitted as multiple narrow band signals using
the orthogonal frequency division multiple access (OFDMA) PHY and MAC technolo-
gies [7, 8]. OFDMA is being considered in current broadband standards because of its
essential features of exploiting multiuser diversity in a frequency selective channel and
eliminating ISI.
Despite the features these technologies bring to the network, they exacerbate the
MAC protocol complexity, and conventional MAC protocols fail to manage such net-
works. The performance improvement of adopting OFDMA or relaying relies on how
intelligently the resources are allocated to subscribers. Hence, the development of practi-
cal resource allocation schemes with low complexity for managing the resources of BWA










Figure 1.1: Illustration of BWA networks.
1.2 Problem Description
BWA networks are expected to be deployed in any area where subscribers are located.
Figure 1.1 illustrates an example of a single cell scenario of BWA networks. As dif-
ferent areas may have different types of terrain profile (e.g. rural, suburban and urban),
wireless channels in each of these profiles may not face the same wireless propagation
challenges. For instance, in urban areas, where subscribers may be located very close to
the base station but in cluttered surroundings, multipath fading effect on the transmitted
signal is more pronounced than distance dependant fading. Thus, multicarrier transmis-
sion, OFDMA, is necessary to combat ISI, whereas relaying is not. The converse is
true for rural areas where the major challenge is distance dependant fading rather than
multipath fading because of the large propagation distances and low number of scatter-
ers. In suburban areas, both multipath fading and large scale fading may exist, which
requires both OFDMA and relaying. Therefore, BWA networks designers may selec-
tively implement transmission technologies (i.e., multicarrier, single carrier, cooperative,
non-cooperative) based on the deployment area and system complexity constraints.
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As mentioned previously, OFDMA has proven itself successful in combating ISI.
At the PHY layer, OFDMA transmits the wideband signal over multiple narrowband
signals that modulate multiple subcarriers; the bandwidth of each narrowband signal is
less than the channel coherence bandwidth for the frequency selectivity to be avoided.
At the MAC layer, the resource allocation problem is to allocate a subset of the avail-
able subcarriers exclusively to subscribers and allocate power on each subcarrier such
that the allocated power does not exceed subscribers’ power constraints and base station
transmission power constraint in the uplink and downlink, respectively. This allocation
problem is an optimization problem that is NP-complete, as shown in Appendix A. In
addition, the exclusive subcarrier assignment constraint makes the feasible region of the
resource allocation problem non-convex, which increases the complexity of the problem.
The problem complexity is further increased as QoS constraints are considered.
Relaying effectiveness in reducing distance dependent fading and shadowing ef-
fects have made it the focus of many research activities. Among numerous cooperative
schemes proposed in the literature, a quadrature signaling cooperative scheme is con-
sidered in this thesis. With quadrature signaling, instead of expanding the bandwidth
or reducing the effective data rate of the cooperative system, the signal constellation of
the modulation scheme is expanded to accommodate the transmissions by the partner.
This scheme falls in the class of SDF cooperative schemes. Such schemes require power
allocation at the source and relay to preserve each of the subscriber’s battery power and
guarantee bit error probability (BEP) requirements.
BWA networks support multiple services, which may have different utility functions.
These utility functions represent subscribers’ satisfaction with the service level granted
to them. Some subscribers can have more demanding utility functions than others; re-
source allocation schemes that purely maximize aggregate utility functions may allocate
all network resources to demanding subscribers leaving the rest unsupported. The de-
sign of resource allocation schemes that impose fairness among supported services is
considered in this thesis.
All the aforementioned salient features of OFDMA and cooperative relaying tech-
5
Chapter 1. Introduction
nologies hinge on the availability of accurate channel state information (CSI) at the re-
source allocation unit (RAU), which is not the situation in practical networks and needs
to be considered in the design of resource allocation schemes. Schemes that are de-
signed based on the assumption that the CSI is perfectly available at the RAU without
feedback delay and/or estimation error fail in practical wireless networks for two rea-
sons. First, channel estimations are subject to noise and error that affect the accuracy of
the available CSI. Second, in large cells with multiple relay stations and large number
of subscriber stations, reporting the CSI of every subcarrier2 between all possible pairs
(i.e., subscribers and relays, relays and base station, base station and subscribers) could
snowball into a huge communication overhead; thus, the zero delay feedback assumption
becomes unacceptable. Hence, the development of practical resource allocation schemes
requires accounting for the inaccuracy of CSI.
Although commercial optimization tools are available for solving the resource allo-
cation problem (e.g., CPLEX), the time required to obtain a close to optimal solution is
long, during which the channel changes make the obtained solution obsolete. In addition,
subscribers or the base station do not have the computational power required to run such
optimization tools for each resource allocation instant. Therefore, low complexity re-
source allocation schemes that consider practical network scenarios are desired for BWA
networks.
1.3 Research Objectives and Contributions
The major objective of this research is to develop practical resource allocation schemes
for various transmission technologies employed by BWA networks. Developed schemes
address practical issues such as, inaccuracy of CSI, limited computational power, and
the support of multiple services with diverse QoS requirements in BWA networks that
employ single carrier, multicarrier (i.e., OFDMA), direct and cooperative (i.e., SDF)
transmission technologies. Developed schemes balance between optimality of resource
2The total number of subcarriers can be as large as 2048.
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utilization and computational complexity, while guaranteeing QoS requirements and sat-
isfying constraints related to employed technologies. This research objective is reached
over several stages.
In the first stage, an approach to the evaluation of the ergodic mutual information of
BWA networks under a practical assumption, inaccurate CSI, was developed. A general
system model was considered such that insights on the effect of CSI inaccuracy in BWA
networks that employ various transmission technologies can be obtained. Particularly,
the CSI inaccuracy effect on the performance of BWA networks as a function of estima-
tion and delay error statistics was quantified in terms of the ergodic mutual information.
With knowledge of error statistics and based on the developed approach, resources can
be allocated to achieve a performance that is close to that achieved if an accurate CSI
can be available. In addition, the performance degradation is not always severe and this
effect is negligible in specific situations.
In the second stage, a dual decomposition-based resource allocation scheme for point
to multipoint (PMP) BWA networks that employ OFDMA and support multiple services
was developed to allocate subcarriers, power and rate to subscribers. The problem was
posed as a network utility maximization (NUM) problem which is solved via decom-
posing it into a hierarchy of several sub-problems that are easier to solve. The approach
developed in the first stage was used in resource allocation to account for CSI inaccuracy.
Resources were allocated in coordination with the call admission controller to limit the
aggregate rate of each class of service to a partition of the network capacity. Imposing
limits on the aggregate rate allocated to each class of service guarantees fairness among
classes, a feature that is important for QoS satisfaction.
Power allocation, which has a major effect on the performance of cooperative BWA
networks, was considered at the third stage. Resource allocation in these BWA networks
with CSI inaccuracy was modeled as an uncertain system. A robust and constrained
Kalman filter-based based approach was developed to allocate power for both the source
and relay while guaranteeing BEP requirements. The developed scheme enjoys fast





Wireless channel impairments have the predominant effect on the performance of BWA
networks. The type and severity of these impairments relate to the environment in the
vicinity of the transmitter and receiver; thus, channel modeling metrics vary from one
environment to another. The development of transmission technologies that combat each
type of channel impairments has been the focus of many research activities. Because
of this tight relation between wireless channel impairments and considered transmission
technologies, Chapter 2 presents an overview of the wireless channel characteristics and
BWA networks-adopted technologies such as OFDMA and cooperative relaying tech-
nologies. A description of the PHY and MAC layers of the considered technologies is
also presented. In addition, commonly invoked assumptions related to these technologies
in various networks are surveyed. Literature related to each considered research problem
and proposed scheme are discussed in each chapter.
The ergodic mutual information of BWA networks that employ single carrier, OFDMA,
direct and SDF cooperative technologies is investigated in Chapter 3. After modeling the
CSI inaccuracy that results from channel estimation error and feedback delay, the inaccu-
racy is embedded in the evaluation of the ergodic mutual information of BWA networks.
In BWA networks that employ SDF, the relay cooperates with the source only if the
source to relay channel can support a specific rate that guarantees performance gain.
Otherwise, the source transmits directly to the receiver without the cooperation of the re-
lay. Therefore, SDF consists of cooperative and direct transmissions. The relay may be a
subscriber or a dedicated relay; both scenarios are considered in Chapter 3. Performance
evaluations are presented over two parts: in the first part, numerical evaluations illustrate
the substantial gain achieved when CSI inaccuracy is considered and it highlights the de-
pendency of a SDF network’s mutual information on CSI accuracy at the three links (i.e.,
source to relay, relay to destination and source to destination). In the second part, it is
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shown that with the knowledge of estimation error statistics and CSI estimates, channel
adaptive schemes can achieve an ergodic mutual information close to that attained with
the perfect CSI.
Using the results obtained in Chapter 3, Chapter 4 address the problem of resource
allocation (i.e., subcarriers, power and rate) for PMP OFDMA-based multiservice BWA
networks with inaccurate CSI. Appendix A shows that this problem is NP-complete.
The system model described in Chapter 3 is very general to capture the characteristics
of various implementation scenarios. However, in Chapter 4, the focus is on only PMP
OFDMA-based networks which requires limiting the system model in this chapter ac-
cordingly. Subscribers running different application may have different utility functions
that represent their satisfaction with allocated resources. Thus, the resource allocation
problem is posed as a NUM problem in which constraints model OFDMA networks
specifications. Several decompositions are then carried out in the dual domain to de-
compose the problem into subproblems that are easier to solve. Throughout resource
allocation, the RAU coordinates with the call admission controller to impose fairness
among supported services. Power is allocated through inversion of the expected rate
equations obtained following an approach similar to the one presented in Chapter 3.
Then, complexity analysis is presented to show the proposed scheme’s low complexity.
Performance evaluations focus on the evaluation of two aspects: first, the gain achieved
by considering CSI inaccuracy; second, the schemes’s performance in limiting the ag-
gregate rate of each service to a partition of the network capacity specified by the call
admission controller in addition its performance in satisfying the exclusive subcarrier
assignment and power constraints.
Whereas, in Chapter 4, resource allocation for PMP OFDMA-based BWA networks
is considered, cooperative and single carrier BWA networks are considered in Chapter
5. After describing the cooperative scheme under consideration, a quadrature signaling
cooperative scheme, power allocation is represented by an uncertain system in which
uncertainty models CSI inaccuracy. Then, a robust and constrained Kalman filter-based
power allocation scheme is proposed to minimize the allocated power and guarantee
9
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BEP requirements. Unlike the schemes available in the literature, power is allocated
such that certain signal to noise ratio (SNR) levels are maintained on both links of the
broadcast phase (i.e., source to relay and source to destination), thereby providing a
strong guarantee on maintaining the required BEP. Numerical results demonstrating the
performance of the proposed scheme in terms of achieving the optimal power allocation,
robustness to channel estimation error and adaptive responsiveness to changes in the BEP
requirements are then presented.
Chapter 6 discusses contributions of this research towards solving the research allo-
cation problem as well as possible future research directions are discussed.
1.5 Bibliographic Notes
Research presented in the thesis has appeared in [7–16]. The concepts discussed in
Chapter 2 can be found [8]. The research results in Chapters 3, 4 and 5, respectively, can
be found in [10, 12], [9, 11, 14, 15] and [13, 16]. A complete list of author’s publications
appears on page ??.
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Chapter 2
Overview of Broadband Access
Networks
In this chapter, an overview of the OFDMA transceiver structure along with a detailed
explanation of their operations is presented, we discuss the fading channel characteristics
and how OFDMA and cooperative relaying improve communication over fading chan-
nels. In addition, the required knowledge of PHY and MAC relevant to the resource
allocation problem formulation is described. Finally, a literature survey on assumptions
related to resource allocation in BWA networks is presented.
2.1 The Radio Channel
The wireless propagation channel constrains the information communication capacity
between a transmitter and a receiver. The design of a wireless communication system’s
coding, modulation, signal processing schemes and multiple access scheme is based on
the channel model. The wireless channel is also generally time-varying, space-varying,
frequency-varying, polarization-varying, dependent on the particular environment and
the transmitter and receiver’s location. Each type of variation presents randomness and
11
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unpredictability. Nevertheless, the communication channel modeling has been well es-
tablished to characterize the channel by various time and frequency metrics.
A channel’s impulse response to a Dirac impulse function, δ(τ), transmitted at the
moment τ , looks like a series of impulses, because of the multipath reflections, repre-





j(2πfD,pt+ϕp)δ (τ − τp(t)) . (2.1)
ap, fD,p, ϕp and τp respectively refer to the pth multipath’s complex-valued arrival am-
plitude, doppler frequency, phase, and arrival excess delay, i.e., the delay measured with
respect to the arrival of the first multipath component. Np symbolizes the number of
multipaths whose amplitudes exceed the detection threshold. In practice the number of
multipath components that can be distinguished is very large. Therefore, only those mul-
tipaths that are temporally resolvable, i.e., their difference in arrival time to the receiver
is greater than the inverse of the input signal bandwidth, are considered in detection.
The multipath propagation mechanisms (i.e., reflection, diffraction and scattering)
result in delay dispersion which corresponds to frequency selectivity in the spectral do-
main. Each multipath’s power and delay are given by the power delay profile (PDP),





apδ (τ − τp). (2.2)
The channel’s PDP is a mathematical function whose complete characterization necessi-
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characterize the PDP temporal dispersion [18]. Figure 2.1-(a) shows the graphical repre-
sentations of the mean delay and RMS delay spread. When the channel delay dispersion
is greater than the signal reciprocal bandwidth, i.e., the symbol duration Ts ¿ τRMS , the
transmitted train of symbols overlaps at the receiver. This phenomenon is known as ISI


















Figure 2.1: Wireless channel effect: (a) delay dispersion (b) frequency selectivity
Whereas the preceding metrics are in the relative-delay domain, channel fading may
also be characterized in the spectral domain. Specifically, the coherence bandwidth, Bc,
offers an alternative metric to the RMS-delay-spread, τRMS , to measure the channel’s de-
lay dispersion. The channel impulse response’s Fourier transform gives the time-variant






We define the channel frequency response’s autocorrelation function as [20]:
R (∆f) = E{H(f, 0)H∗(f −∆f, 0)} (2.6)
where (·)∗ denotes the complex conjugate. The coherence bandwidth Bc measures the
spectral width of |R (∆f) | over which the channel is considered frequency flat. Note that
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the frequency selectivity is relative to the transmitted signal bandwidth. In particular, if
the channel’s Bc is less than the transmitted signal bandwidth, the channel distorts the
received signal at selected frequencies, as shown in Figure 2.1-(b). On the other hand,
the channel does not affect the received signal, if its Bc is greater than the transmitted
signal bandwidth.
Independently from delay dispersion and frequency selectivity, subscriber mobility
causes frequency dispersion which in turn results in channel time selectivity. The time
correlation function [20, 21]
R (∆t) = E{H(0, t)H∗(0, t−∆t)} (2.7)
quantifies the time varying nature of the channel. From R (∆t), the channel coherence
time Tc can be obtained, and it is defined as the time duration over which the channel is
essentially flat [17]. R (∆t) Fourier transform is the channel doppler power spectrum that
its correlation width is the Bd. If the channel impulse response changes rapidly within
the symbol duration, i.e., Tc < Ts, the transmitted signal undergoes fast fading which
leads to signal distortion [19], or the doppler spread Bd is greater than the transmitted
signal bandwidth.
Communications engineers often discretize the continuous-time impulse response
h(t, τ) of (2.1) to a very few discrete-time bins, for computational convenience in simu-




gm(t)δ (τ − τm(t)) (2.8)
where M denotes the total number of taps, τm(t) symbolizes the mth tap’s propagation
delay, and gm(t) refers to the mth tap’s complex-valued stochastic time-varying ampli-
tude. The TDL model taps are represented by the vector g(t) = [g1(t) · · · gm(t) · · · gM(t)].
2.1.1 Large-scale Fading
Unlike small-scale fading, large scale fading is distance dependant. As the receiver
moves away from the transmitter, the received signal strength attenuates following the
14
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inverse-power law:
H(f, t) = D−κ ·H(f, t) (2.9)
where D denotes the distance between the transmitter and receiver in meters and κ is the
path loss exponent.
To summarize,
• Delay dispersion results in frequency selective fading that alters the received signal
waveform and hence causes performance degradation. This channel effect can be
avoided by transforming the broadband signal into parallel narrowband signals
with bandwidth smaller the the channel’s Bc.
• Frequency dispersion smears the signal spectrum in the frequency domain. Also,
cause time selectivity that varies the signal at a rate higher than the rate at which
the channel can be accurately estimated. This can be taken care of by considering
CSI inaccuracy.
• Large distance propagation attenuates the received signal strength. Thus, reduces
the transmission rate by limiting the supportable modulation schemes. The adop-
tion of cooperative relay technologies combats large scale fading.
2.2 Overview of OFDM and OFDMA
Based on the discussions in the previous section, the channel impairments significantly
degrade the performance of BWA networks. Similar to any modulation technique, multi-
carrier technologies try to approach the channel’s capacity. For a specific channel con-
dition and network architecture, one of the available techniques may perform better than
others. The multi-carrier transmission is selected among others as a promising technique
15
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for future communication due to its robustness against frequency selectivity for high-
speed data communication, its maturity through the research and development for wire-
less LAN and terrestrial digital video transmission [23]. In the following subsections,
we present an overview on OFDM and OFDMA multi-carrier transmitter and receiver
structures along with detailed discussion on their operations. In addition, we present the
basic operation of OFDMA MAC role in resource allocation.
2.2.1 Orthogonal Frequency Division Multiplexing (OFDM)
Frequency division multiplexing (FDM) first appeared in 1950s [23], however its im-
plementation required multiple analog RF modules in each transceiver that made FDM
impractical [21]. Recently, the implementation of IFFT/FFT and FDM ability in miti-
gating the channels ISI brought FDM back under light. While FDM major advantage is
eliminating the ISI effect, it does not eliminate the ICI that rises due to closely packed
multi-carriers. Alternatively, data symbols can be modulated on orthogonal multiple car-
riers to reduce Inter-Carrier Interference (ICI), which is termed orthogonal frequency
division multiplexing (OFDM) [24].
For OFDM, the basic premise is to transmit a single high data rate signal (i.e., wide-
band) on multiple orthogonal carriers at low data rate signals (i.e., narrow-band) [17,
23]. Figure 2.2 depicts a typical single subscriber OFDM transmitter and receiver block
diagram and is used as a reference for discussing the basic operation of a system that
implements OFDM or OFDMA at the PHY layer.
2.2.1.1 Transmitter
The high data rate stream is partitioned into I data blocks of Nsc length. The symbols
are serial-to-parallel converted which increases the source symbol duration Ts to:
T
′
s = NscTs. (2.10)
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Figure 2.2: The PHY transmitter and receiver structure for OFDM.
Based on the channel characteristics presented in section 2.1, as the symbol duration
increases, the ISI effect significantly decreases. Thus, the need for an equalizer at the re-
ceiver is eliminated which reduces the complexity of the receiver. After serial-to-parallel
conversion, block i represents the OFDM symbol which consists of Nsc complex data
symbols denoted by Sn, n = 0, . . . , Nsc − 1. In other words, Sn,i is the nth data symbol
in the ith OFDM symbol. For simplicity, the ith index is dropped and we only refer to
the Sn, n = 0, . . . , Nsc − 1 sequence in each block (i.e., OFDM symbol) unless it is
necessary. The complex data symbols are represented by the vector
s = [s0 s1 · · · sNsc−1]T . (2.11)
The OFDM is implemented by applying inverse discrete fourier transform (IDFT) to the









Nsc v = 0, · · · , Nsc − 1. (2.12)
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Using vector representation, the resulting time domain signal is given by
x = [x0 x1 · · · xNsc−1]T (2.13)
= Ws
where W is a Nsc × Nsc IDFT matrix that its columns correspond to the subcarriers
to be modulated by the data. In particular, the matrix representation of W for v =






1 1 · · · 1
1 ej
2π
Nsc · · · ej 2πNsc−1Nsc
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Whereas serial-to-parallel conversion only reduces the ISI effect, cyclic extension of
the symbol by inserting a guard interval Tg that is longer than the maximum channel
dispersion time τmax eliminates the residual ISI effect [17]. The sampled guard interval
is a copy of T ′s last Lg samples





s + Tg. (2.15)























Nsc v = −Lg, · · · , Nsc − 1. (2.17)
1Practically, the symbol source is continuous and guard insertion is archived by adjusting the starting
phase and making the symbol period longer [25]
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After, parallel to series conversion, the x′ sequence is passed through digital-to-analog
converter, then its output is transmitted to the wireless channel. Figure 2.3 depicts the
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Figure 2.3: OFDM frame in time and frequency domains.
2.2.1.2 Channel
By implementing the OFDM multi-carrier modulation, the continuous channel transfer
function (2.5) is sampled in time at OFDM symbol rate 1/T ′′s and in frequency at spacing
19
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Fs. The discrete channel transfer function of multi-carrier systems is given by [17]:












A transmitted symbol on subcarrier n of the OFDM symbol i (Figure 2.3) is multiplied
by the resulting fading amplitude an,i and rotated by random phase ϕn,i [17]. The multi-
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The OFDM symbol index i has been dropped for simplicity. Let hv be the sampled
L sequence of the channel impulse response h(τ, t) given in (2.1) at particular time t




s ), l = 0, · · · , L = (τmax/T ′′s )) and represented by the vector h.
Then, the above matrix H diagonal elements are the Discrete Fourier Transform (DFT)
of channel discrete impulse response.
2.2.1.3 Receiver
After analog-to-digital conversion, the received sampled sequence y′v, v = −Lg, · · · , Nsc−
1 contains ISI in the first Lg samples that are discarded. The remaining sequence 0, · · · , Nsc−
1 is demodulated by the DFT. The DFT demodulated multi-carrier sequence rn, n =






Nsc , n = −0, · · · , Nsc − 1. (2.21)
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The matrix representation of the received data symbols is given by
r = [r0 r1 · · · rNsc−1]T (2.22)
= WHy.
where the operator (·)H denotes the matrix Hermitian and y is defined as [y0 y1 · · · yNsc−1]T .
Recall that xv and yv are the sampled sequences of the transmitted and received signals,
respectively. The channel output (i.e., received signal) is related to the channel’s impulse
response and input (i.e., transmitted signal) by linear convolution denoted by ∗ as follows
[21, 26]:
yv = xv ∗ hv (2.23)
The DFT of xv, hv and yv, are respectively denoted by sn, Hn and rn, n = 0, · · · , Nsc−1.
In frequency domain
rn 6= snHn n = 0, · · · , Nsc − 1 (2.24)
because yv is related to xv and hv by linear convolution [21]. However, the circular con-
volution is created for OFDM by appending the Lg samples (xNsc−Lg−1, xNsc−Lg , · · · , xNsc−1)
to the sequence xv. This circular convolution of the two periodic sequences is trans-
formed in the product of their DFTs [21]:
rn = Hnsn n = 0, · · · , Nsc − 1 (2.25)
which can be alternatively written as:
r = Hs. (2.26)
Substituting equation (2.22) in the left-hand-side of equation (2.26) results in the follow-
ing equations:
WHyT = Hs (2.27)
H−1WHyT = s
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where H−1 is the matrix inverse2. The above result shows the major advantage of OFDM.
Depending on the availability of the channel estimation matrix H and by the implemen-
tation of DFT, the transmitted symbols can be recovered.
2.2.2 Orthogonal Frequency Division Multiple Access (OFDMA)
Despite the advantages of OFDM in mitigating the channels’s impairments as mentioned
before, under-utilization of transmitter power and network subcarriers is its disadvan-
tage. Particularly, when an OFDM transmitter accesses the channel in a time division
manner (e.g., TDMA) the transmitter is forced to transmit on all available subcarriers
Nsc, although it may require a less number of subcarriers to satisfy its transmission rate
requirement. Consequently, the transmitter power consumption increases as the number
of subcarriers increases. This disadvantage motivates the development of a PHY tech-
nology where transmitters are multiplexed in time and frequency, i.e., OFDMA. In this
technology, the subscribers are exclusively assigned only a subset of the network avail-
able subcarriers in each time slot [2, 21]. The number of both time slots and subcarriers
can be dynamically assigned to each subscriber; this is referred to as dynamic subcarrier
assignment (DSA) which introduces multiuser diversity. The multiuser diversity gain
arises from the fact that the utilization of given resources varies from one subscriber to
another. A subcarrier may be in deep fading for one subscriber (e.g., the second subcar-
rier for subscriber X in Figure 2.4) while it’s not for another subscriber (e.g., the same
subcarrier for subscriber O). Allocating this particular subcarrier to the subscriber with
higher channel gain permits higher transmission rate. To achieve multiuser diversity
gain, a scheduler at the MAC sublayer is required to schedule subscribers in appropriate
frequency and time slots.
2Note that the inverse of a diagonal matrix is a matrix with diagonal elements 1Hn,n n = 0, · · · , Nsc−1.
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Figure 2.4: OFDMA transmitter and receiver’s PHY structure and MAC operations
2.3 Relay Networks
Whereas OFDMA mitigates the channel small-scale fading (e.g., multipath caused ISI),
it does not overcome the channel large-scale fading (i.e., propagation loss and shadow-
ing). Relaying is a promising network architecture that overcomes challenges faced by
conventional cellular networks. Relaying does not only provide radio coverage extension
to cellular networks but also compacts shadowing, enhances capacity through exploiting
spatial diversity, and effectively reduces the infrastructure deployment cost [27]. In addi-
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tion, relaying is widely applicable in emergency civil networks3 and military networks4.


























Figure 2.5: Cell radius dependant Outage probability (Figure 2 of [1])
The benefits of relaying are detailed in the following:
• Wireless coverage extension
Broadband communication systems operating at high frequencies suffer distant de-
pendant large scale fading [29] because of high penetration loss which results in a
limited radio coverage range. Placing a relay station at distances where radio cov-
erage is attenuated can relay a stronger signal (by employing a specific relaying
schemes like AF and/or DF), hence it provides higher throughput to subscribers
[29]. Relaying effectiveness in extending radio coverage was simulated in [1].
It simulates a single cell IEEE 802.16 network where subscribers communicate
directly with the base station (e.g, single hop) or indirectly (e.g, two hop). Simula-
tion results in Figure 2.5-(b) shows that the outage probability at 1600 meters can
be decreased by 0.15 via relaying. Simulation results reported in [30] concurs. To
3Temporary formed networks to support areas of sport events or disaster.
4Examples can be found in [28].
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illustrate relay networks efficiency in extending network coverage, we have simu-
lated a wireless network coverage area with a IEEE 802.16 base station placed on
the roof of CEIT building at the University of Waterloo (geographical coordinates
43◦28’15”N and −80◦32’2”W) and a subscriber node placed at low elevation (i.e.
-112 meters w.r.t to base station antenna hight) close to Grand-River as shown in
Figure 2.6. The radio coverage results are produced using the Radio Mobile radio
prediction software [31] with system settings based on the actual technical specifi-
cation of the SIEMINS IEEE 802.16 base station [32] and SIEMINS Gigaset sub-
scriber station [33]. The technical specifications of base-station, relay-station and
subscriber-station are presented in Table 2.1. The topographic and elevation data
were obtained from Natural Resources Canada. To serve the purpose of the illus-
tration, the base station signal strength is restricted to the range (10 - 40dB). Green
area in Figure 2.6 represents the geographical area covered with signal strength
in this range. Subscribers in areas other than green area experience large scale
fading rendering the signal strength to drop below 10dB threshold and communi-
cation can’t be established with the base station. The 10dB is the minimum signal
strength to support a specific modulation scheme. A Base station radio coverage
can be extended by placing a relay station in the range of the base station coverage
as shown in Figure 2.6. A relaying station is chosen to have the same technical
specifications as the subscriber station to avoid the financial cost of unnecessary
new base station. The new network coverage is represented by the green and yel-
low area.
• Deployment cost reduction
While the base station connects to the backhaul network through wired connec-
tion (e.g., fiber-optic links), relay stations connect wirelessly to the base station
[27]. This configuration eliminates the costs of backplane. Backplane cost in-
cludes, land-lines networks deployments cost, land lease or purchase to run links,
construction, permitting, or the cost of using other service providers deployed net-
works. In sub-urban areas where land-line network deployment can be financially
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expensive and the number of subscribers is not large enough to motivate such
costly coverage extension, relay stations placement is cost effective alternative to
placing a new base station.
• Efficient utilization of resources
In cellular based radio systems efficient utilization of resources rely on intelligent
allocation of frequencies, codes, or time slots. Resource reuse has been widely
used to achieve the desired utilization. For instance, neighboring cells are as-
signed completely different frequency channels to avoid co-channel interference.
However, distant cells can be assigned the same frequency channels as long as the
distance is large enough to keep the interference within tolerable levels. Cell sec-
toring further reduces the co-channel interference by using directional antennas,
each radiating within a specific sector. Hence, the interference is reduced to a frac-
tion of the co-channel cells rather than the whole co-channel cells [34]. Similarly,
relay stations radiate within a limited spatial area causing low co-channel inter-
ference to relay stations operating on the same resources (i.e., frequencies, codes,
time slots).






































































Base 3.4 - 3.8 35 -100 Omni 35 n/a
Relay 3.4 - 3.8 27 -85 Yagi 9.5 160◦
Subscriber 3.4 - 3.8 27 -85 Yagi 9.5 360◦
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2.4 Literature Survey and Commonly Invoked Assump-
tions
Because of its desirable features presented and discussed in the previous section, OFDMA
is being widely adopted in 4G networks. Prior to designing a resource allocation scheme,
assumptions are made based on the considered network model [8]. In this section, ma-
jor possible assumptions made in the literature on OFDMA resource allocation for such
networks are presented. Figure 1.1 shows the above mentioned OFDMA based possible
networks. In a single cell, the subscriber stations are randomly moving, nomadic, or
fixed over the cell coverage area, relays are either mobile or fixed and the base station is
fixed at the center of the cell. Subscriber stations can either directly communicate with
the base station in PMP [35], or indirectly through one relay station [36–38] or more than
one relay station [39–42].
The relay stations relay the information it receives from the base station to the nodes
in the down-link or from subscriber stations to base station in the uplink by employing
one of the available forwarding schemes. Alternatively, an adaptive forwarding scheme
can be designed to adaptively cope with the varying network parameters. Under a specific
network parameters like network topology, relay stations locations, and wireless channel
condition, node to relay distance, one of the forwarding schemes out performs the others.
A TDD transmission pattern is considered where a source node transmits to the relay
station (in-direct communication) or to the base station (direct communication) in the first
time frame and the relay station forwards the information in the next time frame [36–42].
In a multi-carrier systems, a relay station can either re-transmit the received data on the
same subcarrier [39–41] or on a different subcarrier. While the former is simpler, the
later allows the relay station to exploit the chance of transmitting on a different subcarrier
with a higher gain. Following the definition of OFDMA, each subcarrier is exclusively
assigned to one subscriber and relay pair or to subscriber and base station pair. However,
each source can be assigned more than one subcarrier to satisfy its QoS requirements.
The base station can allocate power uniformly to all subcarriers or adaptively according
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to each subcarrier gain. In addition, transmitting subscriber stations can employ either
adaptive modulation or non-adaptive modulation schemes.
The resource allocation unit at the base station allocate resources to subscriber sta-
tions and/or relay stations based on the above mentioned possible assumptions in addition
to the following:
• The channel state information for each subcarrier between any communicating
stations is either perfectly [21, 24, 35, 38–57] or imperfectly [58–60] available at
the resource allocation unit.
• The channel experiences either fast fading (i.e., mobile subscriber stations) [49,
61–65] or slow fading (i.e., fixed subscriber stations) [21, 24, 35, 38–42, 52–57].
Hence, channel coefficients can be either be varying or constant during resource
allocation.
• There exists a scheme to exchange the channel state and control information be-
tween the sources, relays and the base station.
• Subscribers’ channel frequency response are independent [21, 24, 35, 38–57].
The above summarizes major assumptions made in the literature. Among these assump-
tions, we adopt practical ones in the design of resource allocation schemes. In particular,
assumptions we adopt are as follows:
• Adaptive forwarding and modulation schemes are employed.
• The source and relay operate on the same subcarrier in a TDD fashion.
• Subcarriers are exclusively allocated to subscribers and relays.
• The CSI is imperfectly available at the RAU along with the estimation error statis-
tics.
• The channel under goes either types of fading.
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• There exist a scheme to exchange CSI between the RAU and subscribers.
• Subscribers channels are assumed independent.
• The resource allocation unit is assumed to have limited computational power which
requires the development of low complexity resource allocation schemes.
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Ergodic Mutual Information of
OFDMA-based Cooperative Networks
This chapter presents a novel approach to investigate ergodic mutual information of
OFDMA-based SDF cooperative relay networks with CSI. Figure 3.1 illustrates a single
cell scenario of OFDMA cooperative relay networks. The ergodic mutual information of
single carrier and direct transmission are also investigated because they are special cases
of OFDMA and cooperative relaying, respectively. Relay stations are either dedicated
or non-dedicated (i.e., subscriber stations assisting other subscriber stations). The CSI
imperfection is modeled as an additive random variable with known statistics. Numerical
evaluations and simulations demonstrate that by considering the CSI imperfection based
on a priori knowledge of the estimation error statistics, a substantial gain can be achieved
in terms of ergodic mutual information which makes channel adaptive schemes closer to
practical implementations.
Although extensive research has been published on relay networks, the inaccuracy
of CSI remains a major obstacle for their practical implementation. The performance of
multicarrier systems is severely degraded by considering an inaccurate and delayed CSI
as perfect one [66–68], where the channel estimation error at the PHY layer propagates
to higher layers, resulting in poor system performance. This practical implementation
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Figure 3.1: Illustration of an OFDMA-based cooperative relay network.
issue has motivated researchers working on different aspects of wireless networks design
to consider estimation error in their design. For instance, A relay-precoder and decoder
are jointly optimized for cooperative networks in [69]. In [70], a power loading scheme
for data and pilots is proposed for OFDMA networks. Resource allocation (i.e., power,
rate and beamforming) schemes are proposed for OFDMA PMP networks [71–73] and
for cooperative networks [74]. The design of a spacetime constellation is considered in
[75]. An extensive survey on the field of limited feedback across different systems and
standards can be found in [76]. In all mentioned works, considering CSI imperfection
improves performance in terms of various metrics as demonstrated by the reported simu-
lation results, with the cost of design complexity. A specific type of wireless system may
have complexity limitation where implementing such a design may degrade the overall
performance. In addition, certain wireless systems’ estimation errors may be minimal,
and in these cases CSI imperfection becomes unnecessary. Therefore, evaluating the per-
formance gain achieved by considering CSI imperfection due to channel estimation error
is of great importance.
The aim of this chapter is to evaluate the ergodic mutual information of OFDMA-
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based SDF networks when the CSI is treated as inaccurate, and a priori knowledge of
the error statistics is available. The performance gain is measured in terms of a common
metric, the ergodic mutual information, and the amount of channel estimation error is
represented by the error statistics. The importance of the analytical results lies in the
following:
• Given the estimation error statistics, the ergodic mutual information achieved by
accounting for CSI inaccuracy can be evaluated. Thus, system designers can de-
cide if considering CSI inaccuracy is worth the incurred computational complexity.
• Allocating resources (i.e, rate, power, subcarriers, and relay stations pairing) in
OFDMA cooperative networks based on the proposed approach achieves a net-
work ergodic mutual information close to the one that can be achieved if perfect
CSI is available. In particular, a resource allocation problem can be formulated to
maximize the evaluated ergodic mutual information while satisfying the network
constraints [9].
• The considered system model is very general, such that the proposed approach
can be applied to either uplink or downlink modes, dedicated or non-dedicated
relays. Furthermore, although the evaluated ergodic mutual information is for SDF
networks, it can be applied to direct transmission in PMP networks because it is a
special case of SDF networks.
The remainder of the Chapter is organized as follows. Section 3.1 introduces the
system model of the OFDMA cooperative relay network under consideration. The SDF
ergodic mutual information is derived in Section 3.2. The performance improvement is
evaluated in Section 3.3, followed by a summary in Section 3.4.
3.1 System Model
Consider a single cell scenario with one base station at the center of the cell, multiple
relay stations, and multiple subscriber stations. Subscriber stations that are not trans-
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Figure 3.2: Illustrative SDF network with the actual, estimated and imperfect CSI on the
three links in the uplink mode.
mitting can cooperate with other subscriber stations as relay stations (i.e., non-dedicated
relays). There are A sources forming the set A = {s1, · · · , sa, · · · , sA}. The available
B relays form the set B = {r1, · · · , rb, · · · , rB}. The destination is symbolized by d.
The subscriber stations share a total of Nsc subcarriers available to the cell. The set of
subcarriers is denoted by N = {1, · · · , n, · · · , Nsc}. In OFDMA networks, a sub-set
Na 1 of the network subcarriers is exclusively assigned to a source-relay pair, as shown
in Figure 3.1. We consider a frequency selective fading channel between any pair of
communicating stations.
Although the presentation of the system model focuses on networks in uplink mode,
the proposed approach can used to evaluate the ergodic mutual information of both uplink
and downlink modes. An OFDMA frame consists of multiple time slots. An OFDMA
symbol is transmitted on all assigned subcarriers during the same time slot [8]. Other
schemes may use a full frame for broadcasting the signals to the relay and destination,
1The cardinality of the sub-set Na is denoted by Na.
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and another frame for relaying, but the basic concept is the same. In SDF [6], the trans-
mission frame is divided into two halves. During the first half, the relay rb and destination
d, respectively, receive the following OFDM signals
rab[j] =
√
Pa[j]Hab[j]s[j] + zab[j], (3.1)
rad[j] =
√
Pa[j]Had[j]s[j] + zad[j], (3.2)
where
√
Pa[j] is a diagonal Na × Na, and where
√
pan[j] for n ∈ Na being the power
allocated by a MAC resource allocation scheme to the ath source on the nth subcarrier
during the jth slot. Hbd = diag{~bd[j]} is the diagonal channel matrix that models the
channel between the relay rb and destination d; ~bd[j] is a vector of Hbdn [j] for n ∈ Na,
which is the nth subcarrier gain of the rb to d channel during the jth slot2. s[j] denotes the
data source symbols. The vectors zab and zad, respectively, represent the additive noise
at the source-to-relay and source-to-destination channels and are modeled as circularly
symmetric complex Gaussian zab ∼ CN (0, (σabz )2I) and zad ∼ CN (0, (σadz )2I). In the
second half, if the source-to-relay ergodic mutual information is greater than a threshold






















where Tf is the frame length and
√
Pb[j] is a diagonal matrix of
√
pbn[j], n ∈ Na being
the power allocated to the bth relay on the nth subcarrier during the jth slot. r̂ab[j]
denotes the re-encoded signal by rb. The additive noise vector at the relay-to-destination
channel zbd[j + Tf
2
] is modeled as zbd ∼ CN (0, (σbdz )2I). The destination d combines
the received signals (rad[j] and rbd[j + Tf
2
]) by employing one of the literature available
2The superscript ·ab, ·bd and ·ad, respectively, denote the link between a source sa and a relay rb, a
relay rb and a source sa, and a source sa and the destination d.
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diversity combining schemes [6]. Conversely, if the mutual information of the sa to rb
link is less than R, sa continues transmitting to d without the cooperation of rb.
The CSI is updated every OFDMA frame. As mentioned previously, the frame is
divided into two sub-frames. At the beginning of the first half of the frame, a sequence
of OFDM symbols are transmitted by the source sa to the relay rb and destination d for
channel estimation. In the second sub-frame, the relay rb transmits another set of training
symbols for the destination d to estimate the channel. In addition, it forwards its estimate
Ĥab of Hab to the destination d which estimates Hbd and Had to obtain Ĥbd and Ĥad.
The slot index (i.e., [j]) is dropped for simpler notation. Figure 3.2 shows modeling
parameters of an illustrative SDF network.
Note that the channel matrices are diagonals of the subcarrier channel gain vectors,






be their estimates available at the receiver,
respectively. Before the next frame estimates arrive, they are treated as deterministic [77]







represents the time difference between the instant the channel is estimated and the instant
it is considered by the channel adaptive scheme, during which the channel may change.






, the imperfect CSI for the three links





























tively, are ∼ CN (~̂ab,Σ~̃ab), ∼ CN (~̂
ad
,Σ~̃ad) and ∼ CN (~̂
bd
,Σ~̃bd) where Σ~̃ab ,
Σ~̃ad and Σ~̃bd are the error covariance matrices [58, 79–84]. The estimation errors on
different subcarriers are independent; hence, the covariance matrices are scalar multi-
ples of the identity matrix. Therefore, Σ~̃ab = (σ̃
ab
ε )
2I, Σ~̃ad = (σ̃
ad
ε )
2I, and Σ~̃bd =
(σ̃bdε )
2I where (σ̃abε )
2, (σ̃adε )
2, and (σ̃bdε )
2 are the delay and estimation error variances.
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n , and [~̆
bd
]n =
H̆bdn ) are, respectively, modeled as ∼ CN (Ĥabn , (σ̃abε )2), ∼ CN (Ĥadn , (σ̃adε )2) and ∼
CN (Ĥbdn , (σ̃bdε )2). Therefore, their squares follow non-central Chi-square probability























































where I0(·) is the zeroth-order modified Bessel function of the first kind. The random
variables |H̆adn |2, |H̆abn |2 and |H̆bdn |2 are, respectively, denoted by X , Y and Z for simpler
notation.
3.2 SDF Ergodic Mutual Information






















































3[x]n denotes the nth element of vector x.
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When the imperfection of CSI is considered, the channel gains are random variables and





































is the probability that the
information on the source-to-relay link is less than or equal to a threshold R. With the





. In the following, we focus on the mutual information at the subcarrier level;
to do so, the subcarrier index n is removed.
3.2.1 Direct and Cooperative Transmission Probabilities:
Pr
{
Iab ≤ R} and Pr {Iab > R}
The random variable mutual information between sa and rb that is a function of the



















where fIab(i) is the PDF of Iab. Define the strictly increasing function g(y) = 12 loge(1+
2pay
(σabz )








where g−1(·) is the inverse function given by























































for η = |Ĥ
ab|2
(σ̃abε )




2 . By the transformation i′ = (e2i − 1), substituting the
series representation of I0(·) [[86], 8.447(1)] into (3.20) and (3.20) into (3.13) gives
Pr
{
















































k!(k − 1)! di
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(3.23)
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By substituting back the values of η and ζ , (3.26) becomes
Pr
{



















































= 1− Pr {Iab ≤ R} . ¤ (3.28)




If the mutual information of the sa to rb channel is less than the threshold, R, the relay
does not cooperate and the source transmits directly to the destination, d. The random










































2 and α2Q =
2pa|Ĥad|2
(σadz )
2 . By substituting the series representation of
























































































where Ei(·) is the exponential integral function. ¤




In cooperative networks, diverse assumptions can be made about the network param-
eters and will result in different expressions of E
[
Iabd|Iab]. This subsection presents
E
[
Iabd|Iab] for a general case which is flexible enough to capture the ergodic mutual
information of any scenario of SDF networks. In particular, the three links are treated in-
dependently such that their power allocations, channel gains and estimation errors statis-
tics are independent. Networks in uplink mode with equal power allocation to source
and relay in a pair, and equal estimation error parameters at the relay-to-destination and
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source-to-destination links are considered a special case. For this special case, the sum of
non-central Chi-square distribution can be simplified, which in turn simplifies the general
expression of cooperative transmission mutual information.
3.2.3.1 A General Case
Define the random variables W = 2p
bZ
(σbdz )
















where the PDF of Z is given by (3.9). The PDF of Q was found in (4.8) and the PDF of




















































































2 , and Γ(·) is the
Gamma function. Given the distribution of the sum random variable, S, the ergodic








loge(1 + s)fS(s)ds. (3.38)
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After writing the Bessel function in its series representation and by using ([86], 8.444(8)),



































































3.2.3.2 A Special Case
Because the destination, d, is common to both rb to d and sa to d links, the estimation
and delay errors, and the additive noise variances are equal (i.e., (σadz )
2 = (σbdz )
2 and
(σ̃adε )
2 = (σ̃bdε )
2). In cooperative networks that have the relay rb as one of the subscriber
stations assisting another subscriber station, the source and the relay can be assumed to
be transmitting at equal power, i.e., pa = pb; thus, θQ = θW . Both fQ(q) and fW (w) can












2 , β2W =
4|Ĥbd|2(σbdz )2
2pb(σ̃bdε )
2 and λW = 1.
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W . Given the PDF of
























sk+1e−θSs loge(1 + s)ds. (3.41)




































The SDF ergodic mutual information on each subcarrier is obtained by substitut-
ing the direct transmission probability (3.27) and cooperative transmission probability
(3.28), the direct transmission ergodic mutual information (3.34), and the cooperative







Iad|Iab] Pr {Iab ≤ R} + E [Iabd|Iab] Pr {Iab > R} . (3.43)
Although equation (3.43) is specific to each subcarrier assigned to a subscriber-relay pair,


















Performance evaluations are presented over two subsections. The first deals with a nu-
merical evaluations that compare the analytically evaluated ergodic mutual information
from (3.43) to that from (3.10) by numerically varying various network parameters. The
second provides simulations in which the ergodic mutual information is evaluated for
simulated CSI and compared to the analytical results.
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3.3.1 Numerical Evaluations
Numerical evaluations illustrate the substantial gain achieved when the CSI imperfection
is considered. In addition, they highlight the dependency of the SDF network’s mutual
information on the CSI accuracy at the three links (i.e., sa to rb, sa to d and rb to d) as
network parameters vary. Consider an SDF network with a subscriber station, a relay
station and a destination. Numerical evaluations focus on comparing two scenarios. The
first scenario represents networks that allocate resources based on the assumption that
the received CSI for each subcarrier is perfect, i.e., |Ĥabn |2 = |Habn |2, |Ĥadn |2 = |Hadn |2
and |Ĥbdn |2 = |Hbdn |2 in Figure 3.2. Under this scenario, the per-subcarrier mutual infor-
mation expected to be achieved, I
SDF
n,a,b , is given in equation (3.10). The second scenario
represents more practical networks, in which the estimates of the channels are considered
inaccurate, and the inaccuracy is characterized by prior knowledge of the error statistics
as in (3.4), (3.5) and (3.6). Based on |H̆abn |2, |H̆adn |2 and |H̆bdn |2, Figure 3.2, the source




derived in equation (3.43) on each
subcarrier assigned to it.













                          
                           




E[ISDFn,a,b ], (σ̃abε )2=0.1
E[ISDFn,a,b ], (σ̃abε )2=0.01

















R = 3.5 →
−→ CoopDirect ←−
7−→41 7−→42
Figure 3.3: Change in mutual information as the direct (i.e., sa to rb) mutual information
increases.
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Increasing the signal-to-noise ratio (SNR) on the sa to rb link from 3 dB to 23 dB
increases the source-to-relay mutual information, represented by the horizontal axis in
Figure 3.3. Thus, sa switches from direct transmission mode to the cooperative mode at
the threshold, R, as shown in Figure 3.3 for (σ̃adε )
2 = (σ̃bdε )
2 = 0.1 and equal SNR of 10
dB on the sa to d and rb to d links. The cooperation decision is based on the deterministic
(i.e., I
ab




) mutual information on the sa to rb link in the first
and second scenario, respectively. Thus, considering an inaccurate channel estimate as
a perfect one leads to the wrong decision, as is evident from Figure 3.3. In particular,
because of the estimation error, the first scenario subscriber stations do not cooperate,
although the actual channel condition is at a cooperation permissible level. On the other
hand, the second scenario networks consider the error and take advantage of the channel
gain increase, which translates to higher mutual information as indicated by 41 and 42
in Figure 3.3. It is obvious that greater mutual information can be achieved by the second












































Figure 3.4: Percentage increase in mutual information when CSI imperfection is taken
into account in both cooperative (Coop) and direct (Direct) transmission modes.
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%, when the CSI uncertainty is considered at the receiver as the SNR on the three
links varies and the threshold R increases for equal error variances, (σ̃abε )
2 = (σ̃adε )
2 =
(σ̃bdε )
2 = 0.01. Although the estimation error is more significant at high SNR compared
to low SNR [66], the percentage increase in mutual information is more pronounced at
low SNR than at high SNR. This observation is explained as follows: the large gain
achieved by considering the second scenario relative to the mutual information of the
first scenario at high SNR is less than the small gain achieved by considering the second
scenario relative to the mutual information of the first scenario at low SNR. The sharp
increase seen in Figure 3.4 is due to the difference in transmission modes of each sce-
nario. In other words, the first scenario rb switches to direct transmission mode based on
the poor estimate |Ĥabn |2, while the second scenario rb remains in the cooperation mode














2 = (σ̃bdε )
2(σ̃abε )
2
Pr{Iabn ≤ R} = 1
























Figure 3.5: Effect of CSI inaccuracy on the ergodic mutual information.
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To investigate the impact of the three links’ CSI imperfection on the ergodic mutual
information, Figure 3.5 shows the ergodic mutual information gain achieved in the sec-
ond scenario relative to first scenario as the three estimation errors’ variances increase
for a constant SNR of 10 dB on the three links. Since the estimation error at the relay
affect the transmission mode decision (i.e., cooperative vs. direct), as (σ̃abε )
2 increases,
the cooperative transmission probability increases, resulting in a gain denoted by ς over
the direct transmission. The increase in (σ̃adε )
2 and (σ̃bdε )
2 affects both cooperative and
direct transmissions ergodic mutual information; hence, the second scenario achieves
larger gain over the first scenario as the estimation error increases.
3.3.2 Simulations
Whereas the previous numerical evaluations focused on evaluating the gain achieved by
considering the CSI imperfection, the following simulations demonstrate that with the
knowledge of estimation error statistics and CSI estimates, channel adaptive schemes can
achieve an ergodic mutual information close to that would be attained if the perfect CSI
made available through adopting the presented analytical results. A frequency selective
Rayleigh distributed channel is modeled via a six taps channel model. The number of
subcarriers is simulated to be 128 in all simulations. The statistical properties of the
perfect, estimated and imperfect CSI for the three links are detailed in section 3.1. The
following discussion compares the ergodic mutual information attained for direct and
cooperative modes over a range of power-to-noise ratio for the following cases:
(i) The CSI is simulated to be perfectly known (i.e, Hbd and Had) and the ergodic
mutual information is evaluated over 1000 channel realizations.
(ii) The estimates of CSI (i.e, Ĥbd and Ĥad) are the only knowns while the estimation
error variances (i.e., (σ̃adε )
2 and (σ̃bdε )
2) are simulated to be 0.1, 0.3 or 0.5. The
ergodic mutual information is evaluated over 1000 channel realizations.
(iii) The estimates of CSI (i.e., Ĥbd and Ĥad) are known and the estimation error is
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taken into consideration. The worst estimation error variances of (ii) is considered
(i.e., (σ̃adε )
2 = (σ̃bdε )
2 = 0.5) where the ergodic mutual information is evaluated
analytically by (3.34) for the direct mode and by (3.42) or (3.39) for the cooperative
mode.
Note that the source-to-relay mutual information Iab in (3.11) in SDF networks only de-
termines the probability of direct and cooperative but not the ergodic mutual information
in either of the modes; thus, it is not considered in the following simulations.
Figure 3.6 shows the ergodic mutual information of the cooperative mode. (sim) and
(ana) denote simulated and analytically evaluated ergodic mutual information, respec-
tively. It can be clearly observed that the ergodic mutual information (dashed, dotted
and dashed-dotted lines) decreases with the channel estimation mismatch increase that
is represented by the estimation error variance increase from 0.1 to 0.5 when the estima-
tion error is ignored (case (ii)). However, with the analytically evaluated expression, and
the knowledge of the channel estimates and error statistics, the ergodic mutual informa-
tion (solid line, case (iii)) is close to the one attained when the perfect CSI is available
(marked by +, case (i)).
Networks with a dedicated relay station have a high channel gain on the relay-to-base
station link because the relay station is fixed and its position is optimized by network
planers. Therefore, the channel can be tracked easily and the estimation performance
improves. In addition, dedicated relay stations have more relaxed power constraints than




2 to a high value (e.g., 20 dB) and the estimation error variance to a low value
(e.g., (σ̃bdε )
2 = 0.01). Figure 3.7 shows the ergodic mutual information of this scenario.
It demonstrates that the estimation error effect is larger at high SNR than at low SNR,
which concurs with an observation made earlier. Using similar plots, network design-
ers can answer questions about the significance of CSI imperfection effect in the power
operation region of their designed transmitters. As in Figure 3.6, Figure 3.7 shows that
the analytically evaluated ergodic mutual information captures the ergodic mutual infor-
mation that can be achieved if the perfect CSI is made available. Thus, adopting the
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case (iii), (σ̃adε )2=(σ̃bdε )2=0.5,(ana)
case (ii), (σ̃adε )2=(σ̃bdε )2=0.1,(sim)
case (ii), (σ̃adε )2=(σ̃bdε )2=0.3, (sim)






























Figure 3.6: Ergodic mutual information of the cooperative mode.
proposed approach in channel adaptive schemes greatly reduces the performance degra-
dation caused by channel estimation inaccuracy. An example of utilizing the analytical
results in resource allocation for OFDMA networks is presented in chapter 4.
3.4 Summary
We have proposed an approach to investigate the ergodic mutual information of OFDMA-
based SDF cooperative relay networks with imperfect CSI. A quantitative measure of
the gain in ergodic mutual information attained by considering the CSI imperfection
was presented. Numerical evaluations show that by considering the CSI imperfection,
the ergodic mutual information can be increased over a large range of SNR; however,
the relative increase is more tangible at low SNR than that at high SNR. Furthermore,
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case (iii), (σ̃adε )2=0.5, (σ̃bdε )2=0.01, (ana)
case (ii), (σ̃adε )2=0.1, (σ̃bdε )2=0.01,(sim)
case (ii), (σ̃adε )2=0.3, (σ̃bdε )2=0.01,(sim)





























2 is prefixed to 20 dB.
channel adaptive schemes can achieve an ergodic mutual information close to the one
achieved if perfect estimates of CSI are available. Therefore, until designed resource al-
location schemes consider channel estimates error, they remain far from being practically
implementable and unlikely to achieve their claimed performance in real networks.
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Resource Allocation for OFDMA-based
PMP Multiservice Networks
This chapter presents a novel scheme for the allocation of subcarriers, rate and power in
orthogonal OFDMA networks. The scheme addresses practical implementation issues of
resource allocation in OFDMA networks: inaccuracy of CSI available to the RAU and
diversity of subscribers’ quality of service (QoS) requirements. In addition to embedding
the effect of CSI imperfection in the evaluation of subscribers’ expected rate, the resource
allocation problem is posed as a NUM one which is solved via decomposing it into a
hierarchy of subproblems. These subproblems coordinate their allocations to achieve
a final allocation that satisfies aggregate rate constraints imposed by the call admission
control (CAC) unit and OFDMA-related constraints. Complexity analysis shows that
the proposed scheme is computationally efficient. In addition, performance evaluation
findings support our theoretical claims: a substantial data rate gain can be achieved by
considering the CSI imperfection and multiservice classes can be supported with QoS
guarantees.
Although most recent research works have posed the resource allocation problem
of OFDMA networks as NUM problem [42, 91–94], they depend too heavily on the
accuracy of CSI and overlook the availability of the allocated throughput. Works in
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[42,92,94] have generally focused on maximizing the sum of utilities, without consider-
ing the limit imposed by the CAC unit on each service aggregate rate. In other words, the
higher the channel gain and the available power, the higher the throughput granted to sub-
scribers. However, in multiservice networks, the aggregate rate allocated to subscribers
of each service cannot exceed the prescribed partition of the network throughput, espe-
cially when subscribers have diverse QoS requirements. For example, a particular group
of subscribers may be more demanding than the rest of the subscribers, which results in
an allocation of the network resources to the former and leaves the latter unsupported.
Limiting the aggregate rate that the group of demanding subscribers receive imposes
fairness among supported classes and guarantees QoS for each service. Although works
in [91, 92, 95] propose joint resource allocation and CAC schemes that avoid over using
the network throughput by partitioning it over the supported services, the CSI in these
schemes is assumed to be perfectly known. However, such perfection is rare and the
performance of multi-carrier systems is severely degraded by considering an inaccurate
and delayed CSI as perfect, and allocating resources based on it [66–68].
The main focus of this chapter is the resource allocation for OFDMA-based net-
works with imperfect CSI and multiple classes of services that demand diverse QoS
requirements. Allocating resources for OFDMA networks is cross-layer in nature; the
PHY layer feeds the CSI of all subscribers to the RAU at the MAC layer which, in turn,
allocates resources. Inaccuracy of the reported CSI is modeled as an additive random
variable with a known distribution, based on which the expected rate is evaluated. Power
allocation is performed by inverting the expected rate function. The OFDMA resource
allocation problem is combinatorial in nature with a nonconvex structure; thus, it can-
not be solved by convex1 optimization methods. However, as the number of subcarriers
becomes infinitely large, the duality gap tends to zero2; hence, the nonconvex problem
can be solved in the dual domain [98]. With this dual approach, decomposition meth-
ods for NUM [97] can be applied to solve the problem under consideration. Solutions
1A function f is convex if for all x, y ∈ domain of f and θ ∈ [0, 1], θx + (1− θ)y ∈ Domain of f and
f(θx + (1− θ)y) ≤ θf(x) + (1− θ)f(y) [96, 97].
2Zero duality gap implies that both the primal and the dual problems have the same optimal value [98].
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obtained via decomposition have the inherent property of being implementable in both a
distributed and a centralized manner; we adopt the centralized implementation and high-
light subroutines of the proposed scheme that are distributable. The proposed scheme is
presented for OFDMA systems in the downlink mode and modifications can be extended
for uplink resource allocation.
The remainder of the chapter is organized as follows. Section 4.1 introduces the
system model of the OFDMA-based PMP network under consideration. The expected
data rate for imperfect CSI is presented in Section 4.2. Mathematical formulation of the
resource allocation problem along with the proposed scheme is presented in Section 4.3.
Computational complexity is analyzed in Section 4.4. The performance of the proposed
scheme is evaluated in Section 4.5, and followed by a summary in Section 4.6.
4.1 System Model
The system model of PMP networks is considered a special case of the cooperative relay
networks system model presented in Section 3.1 because the relay does not exist in PMP
network and only direct transmissions are allowed. Thus, the notation of the source to
destination (·)ad is replaced with (·)s in this chapter for notational brevity. In addition,
the source to relay and relay to destination related modeling in Section 3.1 is removed
which reduces the system model to PMP networks presented here.
We consider a single cell scenario of a PMP network. The network consists of one
BS at the center of the cell and multiple subscriber stations. There are S subscriber
stations forming the set S = {1, · · · , s, · · · , S}. The subscriber stations share a set of
Nsc subcarriers available to the cell. In OFDMA networks, a sub-set Ns 3 of the network
subcarriers is exclusively assigned to one subscriber station. Although, for simplicity,
the general presentation focuses on the downlink mode, the proposed resource allocation
scheme is generally applicable to both uplink and downlink modes, as will be shown
later.
3The cardinality of the sub-set Ns is denoted by Ns.
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The network supports L QoS classes. Network parameters related to the lth class are
denoted by a superscript (l). For example, the set of subscriber stations that subscribe
for the lth class is denoted by S(l). A utility function, U s(rs), models the sth subscriber
station’s satisfaction of the expected data rate, rs, assigned to it. The characteristics
of utility functions depend on the class of service that each subscriber station opts for.
































Base Station sth Subscriber
Figure 4.1: Illustrative PMP network of one subscriber station and a base station showing
various components involved in resource allocation. Tx and CE, respectively, stand for
transmitter and channel estimator.
stations. In OFDMA, the subband bandwidth is smaller than the channel coherence
bandwidth; therefore, each subcarrier experiences flat fading. During the jth slot, the sth
subscriber receives the following OFDM signals:
ys[j] =
√
Ps[j]Hs[j]x[j] + zs[j], (4.1)
where
√
Ps[j] is a diagonal Ns × Ns, matrix of psn[j] ∀n ∈ Ns which is the power allo-
cated by the MAC resource allocation scheme to the sth subscriber on the nth subcarrier
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during the jth slot. Hs[j] is a diagonal matrix of the channel gains, and x[j] denotes the
data source symbols. The vector zs represents the additive noise, which is modeled as
circularly symmetric complex Gaussian random variable zs ∼ CN (0, (σsz)2I).
The CSI is updated every OFDMA frame. At the beginning of the frame, a sequence
of OFDM symbols is transmitted by the BS to the subscribers for channel estimation
[52]. Each subscriber estimates the channel and forwards its estimate, Ĥs, of the perfect
CSI, Hs, to the BS. The slot index, [j], is dropped for notational convenience. Note that
the matrix of channel gains is a diagonal of the subcarriers’ channel gain vector, ~s. Let
~̂
s
be its estimate available at the RAU; before the next frame estimates arrive, the current
frame estimates are treated as deterministic [77], and their delay and estimation error are
modeled by ~̃
s
. Hence, given the channel estimate ~̂
s









and assumed to be ∼ CN (~̂s,Σ~̃s). The matrix Σ~̃s is the error covariance matrix that
captures the quality of the channel estimation [58,82,99]. We assume that the estimation
errors on different subcarriers are independent; thus, Σ~̃s = (σ̃
s
ε )
2I, where (σ̃sε )
2 is the




n) is modeled as




















where I0(·) is the zeroth-order modified Bessel function of the first kind. The random
variable |H̆sn|2 is denoted by X for notational convenience. Figure 4.1 shows the above-
mentioned modeling parameters on an illustrative PMP network.
4[x]n denotes the nth element of vector x.
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4.2 Expected Rate with Imperfect CSI
The BS receives a deterministic channel gain estimate of each subcarrier, Ĥsn, and the
estimation error statistical information. Based on the model in (4.2), the mutual infor-










Equation (4.4) is similar to equation (3.29) in chapter 3. Nevertheless, the mutual infor-
mation is hard to achieve in practice especially in the network under consideration where
adaptive modulation and coding (AMC) is adopted. In the following we show how the bit
error probability, Pb, is incorporated in equation (4.4). The Pb is given by [35,100–102]:










where M is the constellation size. By assuming “=” instead of “≈” in (4.5) and solving











The adaptive modulation transmission rate as a function of Pb can be obtained by substi-








where 4 = − ln(5Pb)
1.5
. The PDF of the random variable Q′ = p
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nX



























2 and θ2Q′ =
psn|Ĥs|2
4(σsz)2 . By substituting the series representation of I0(·)
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Given the PDF fQ′(q), the expected achievable rate can be written as


































































where Ei(·) is the exponential integral function.
Given the expected data rate to be supported, the power allocation phase of the
proposed scheme requires solving (4.13) for psn, which is computationally extensive.
Alternatively, after evaluating (4.13) off-line, the expected achievable rate can be rep-
resented by a simpler function that can be efficiently inverted for power. Note that
E[loge(1 + x)] ≈ E[loge(x)] + ϑ(x), where ϑ(x) is an approximation error correction
term which approaches zero for large values of x. Similarly, (4.10) can be written as
E [rsn] = E [loge(1 + Q
′)] (4.14)





















n) + ϑ (p
s
n) , (4.16)














2) is an approximation error correction term. The parameters α, β and γ are
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found by curve fitting the difference E [rsn]−E [loge(Q′)] to a power decaying function;
E [rsn] is evaluated by (4.13). These parameters are stored in lookup tables for a range of
practical values of |Ĥsn|2 and (σ̃sε )2. Rearranging equation (4.16) results in the following:
loge (p
s
n) + ϑ (p
s


















+ E [rsn] . (4.17)
Note that the R.H.S of (4.17) is a function of |Ĥsn|2 and (σ̃sε )2, which are known deter-



















by Ψ. The required power to support the
expected rate E [rsn] for given |Ĥsn|2 and (σ̃sε )2 is found by Maple5 to be
psn = exp
{










4.3 Problem Formulation and Solutions
We formulate the resource allocation problem as a constrained NUM problem, where the
objective function is a maximization of the sum of the subscribers’ utility functions. The
constraints are related to the specifications of the network under consideration, namely,
the per-service allocated aggregate rate limit, power limitation and exclusive subcarrier
assignment. Let xsn ∈ {0, 1} where xsn = 1 means that the nth subcarrier is allocated
to the sth subscriber and xsn = 0 otherwise. Furthermore, let r
s be the expected rate





n]. The CAC unit receives the allocation results from the RAU and
updates the RAU with the throughput partitioning results, c(l) ∀l (Figure 4.1). The CAC
schemes available in the literature (e.g., [91, 93, 95, 104]) can be applied here. In the
5Maplesoft, version 11.02.
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downlink mode, the power available to the network is limited by the BS power, which is











rs ≤ c(l) ∀l (4.20)
∑
s





psn ≤ PBS (4.22)
xsn ∈ {0, 1}. (4.23)
The set of constraints in (4.20) limits the lth class subscribers’ allocated aggregate ex-
pected rate to c(l). Constraints in (4.21) satisfy the exclusive subcarrier allocation of
OFDMA [8]. Constraint (4.22) limits the total power allocated to PBS .
The resource allocation problem is combinatorial in nature due to the subcarrier ex-
clusive assignment constraint, which results in a nonconvex feasible space. Generally,
solving nonconvex problems in the dual domain provides only an upper bound that is at
a distance from the optimum known as the “duality gap”. However, resource allocation
for multicarrier transmissions is a special case in which the duality gap becomes zero
as the number of subcarriers approaches infinity [98]. In networks with a number of
subcarriers as small as 64, a duality gap of less than 10−5 can be achieved, which is ac-
ceptable in practice [79]. These results suggest solving the problem in the dual domain.
One of the effective methods for solving NUM problems is dual decomposition, where
the dual problem is decomposed into multiple subproblems that are easier to solve than
the primal. The master dual problem sets the prices for resources and reports them to the
decomposed subproblems, which in turn decide the amount of resources to be consumed
[97].
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where λ(l) ≥ 0 ∀l are the classes’ set of Lagrange multipliers (i.e., prices). If the lth
class throughput is over utilized, λ(l) increases, and the converse is true. The problem




s.t. λ ≥ 0, (4.25)
where d(λ) = minrs D(rs, λ) and λ is a vector of λ(l) ∀l. The Lagrange multipliers are
updated with the following subgradient method for each multiplier [97, 98, 105]:
















where κ = 0.1√
t
is a diminishing step size, [·]+ denotes max(·, 0) and t is the iteration
index. Here, rs
?
(λl(t)) is the optimum value obtained by solving the following problem



















psn ≤ PBS (4.29)
xsn ∈ {0, 1}. (4.30)




















psn ≤ PBS (4.33)
xsn ∈ {0, 1} (4.34)
rs ≥ bs ∀s. (4.35)
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Constraint (4.35) is relaxed by forming the Lagrangian






U s(bs)− λ(l)bs + δs (rs − bs)] , (4.36)
where δs is the Lagrange multiplier associated with the sth subscriber. δs demands a rate




s.t. constraints (4.32)− (4.34)
λ ≥ 0 (4.38)
δ ≥ 0, (4.39)
where w(λ, δ) = maxbs W (bs, λ(l), δs). The dual problem can be separated into two
problems [42]. The first is a utility maximization problem:







U s(bs)− λ(l)bs − δsbs] , (4.40)


















psn ≤ PBS (4.43)
xsn ∈ {0, 1}. (4.44)
Note that each of the dual problems (4.40) and (4.41) can be individually solved to obtain
their optimums (i.e., bs? and rs
?
) while being coordinated by the master dual problem
(4.37) (Figure 4.2). Multipliers δs ∀s are updated iteratively at each iteration ṫ by the
subgradient method






(δs(ṫ))− rs?(δs(ṫ)))]+ , (4.45)
6δ denotes a vector of δs ∀s.
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where κ̇ is a diminishing step size. At each iteration, bs?(δs(ṫ)) is obtained for each
subscriber by maximizing (4.40) for bs where the utility functions are assumed to be
concave. The coupling constraints (4.42) and (4.43) pose complication in solving (4.41).
However, relaxing constraint (4.43) decouples the problem into multiple per-subcarrier
subproblems, which also satisfies (4.42). Therefore, a Lagrangian can be formed:














The Lagrange multiplier υ is interpreted as the price of using PBS . Let minδ,υ z(δ, υ) =
maxpsn,xsn Z(r







xsn ≤ 1 ∀n (4.48)
xsn ∈ {0, 1} (4.49)
λ ≥ 0 (4.50)
υ ≥ 0, (4.51)
is now decoupled into Nsc maximization subproblems,
arg max
s
δsE[rsn]− υ psn ∀ n. (4.52)
For each expected rate, E[rsn], to be supported, the required power, p
s
n, is obtained by
(4.18). These maximization subproblems are solved per-subcarrier. In other words, the
subcarrier is exclusively assigned to the sth subscriber that maximizes (4.52) on that
particular subcarrier; thus, constraint (4.42) is also satisfied. δ is passed down from
(4.37) and υ is updated by the following subgradient method:














where κ̈ is the step size and ẗ is the iteration index. ps?n (υ(ẗ)) is obtained by solving the
per-subcarrier problems (4.52) for a specific υ(ẗ). Figure 4.2 shows the decomposition
of the master dual problem into a hierarchy of subproblems and the interaction among
them.
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Figure 4.2: Hierarchy of decomposed dual problem.
Based on the mathematical formulations and derivations presented above, the pseu-
docode of the proposed scheme is outlined in Algorithm 1. The Algorithm inputs are:
the necessary parameters to solve equations (4.18) and (4.40), imperfect CSI, estima-
tion error statistics, capacity partitions and maximum transmission power. The outputs
include power, rate and subcarriers allocation. The scheme is divided into two phases:
a pre-optimization phase and an optimization phase. The pre-optimization phase pre-
pares the possible expected rate levels, K, and their corresponding power allocations, by
(4.18), based on the received imperfect CSI, lines 2 to 9. This phase can be implemented
in both a centralized manner, as in lines 2 to 9 at the BS, or in a distributed manner by
which each subscriber searches the lookup tables for α, β and γ, evaluates the required
power allocations, and reports them to the BS. Either of the implementations provides
the same result, but questions arise about how much computation the subscriber station
can perform and how much reporting overhead the feedback channel can support. Hence,
it’s a trade-off between computational complexity at the BS and the feedback reporting
overhead.
In the optimization phase, the power, rate and subcarrier allocations are optimized
while satisfying the network constraints. In the following, the network constraints along
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Algorithm 1 Pseudocode of the proposed scheme
1: Pre-optimization phase
2: for s = 1 to S do
3: for n = 1 to Nsc do
4: Search lookup tables for α, β and γ
5: for k=1 to K do





11: Initialize λl ∀l
12: Initialize δs ∀s
13: for s = 1 to S do






18: for n = 1 to Nsc do
19: arg maxs δsE[rsn]− υ psn
20: s? ← s
Allocate nth subcarrier

















25: Repeat lines 17 to 23 until convergence
26: rs
? ← ∑Nsn E[rsn] ∀s






28: Repeat lines 12 to 26 until convergence
29: update λl(t + 1) = [




30: Repeat lines 11 to 28 until convergence
65
Chapter 4. Resource Allocation for OFDMA-based PMP Multiservice Networks
with their related subroutines in Algorithm 1 are discussed:
• A subcarrier is exclusively allocated to one subscriber. In lines 18 to 23, each
subcarrier is allocated to the subscriber that maximizes the term δsE[rsn]− υ psn by
searching over a matrix of supported expected rate levels for all subscribers. The
required power to support the granted rate is allocated to the subscriber on the nth
subcarrier, line 22. Note that the cardinality of the set Ns is denoted by Ns, which
is the number of subcarriers allocated to the sth subscriber.
• The aggregate rate allocated to the lth service is limited to a partition of the
throughput c(l). The Lagrange multiplier λ(l) represents the price of utilizing c(l).
As the scheme evolves, over utilizing c(l) increases λ(l), and the converse is true,
line 29. The unavailability of throughput for a specific class of service l is sig-
nalled via λ(l) to line 14, where the minimum rate (i.e., axillary variable bs) to be
allocated to the subscribers is obtained. For example, let the utility function be the
concave function U s(bs) = ς log(bs); therefore, solving the derivative of (4.40), for
each term of the summation gives bs = ς
λ(l)+δs
. Hence, an increase in λ(l) decreases
bs, and the scheme tends to allocate a lower rate to subscribers of the lth class of
service by reducing the demand variable (i.e., Lagrange multiplier δs), line 27.
• Total allocated power is limited to the base station power PBS in the downlink
mode and the power allocated to each subscriber is limited to its specific power
constraint, Ps, in the uplink mode. Power supply is controlled by the Lagrange
multiplier, υ, line 24. If the base station power is over utilized, the price, υ, in-
creases resulting in a decrease in the term arg maxs δsE[rsn] − υ psn. Thus, the
scheme tends to allocate a lower rate, which requires less power. In the uplink
mode, the allocated power to each subscriber is constrained by its maximum avail-
able power (i.e., device battery power), denoted by Ps. Therefore, the constraint in




n ≤ Ps, and the subgradient algorithm in line 24
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is replaced with













Thus, each subscriber has a specific multiplier υs that prices the supply of its
power.
4.4 Complexity Analysis
Computational complexity is a major factor in implementing resource allocation schemes
for OFDMA networks. However, the resource allocation problem for OFDMA networks
is known to be NP-hard as shown in Appendix A and obtaining an exhaustive search
allocation is computationally impossible for large number of subcarriers. The exclusive
subcarrier assignment constraint makes the problem a complex combinatorial one that
becomes harder when the power and per-service aggregate rate constraints are consid-
ered. The proposed scheme is low in computational complexity due to the adopted de-
composition approach. The following complexity analysis estimates the execution time
of the proposed scheme in relation to the input size.
Let T24, T27 and T29 be, respectively, the number of iterations required for each of
the the subgradient methods in line 24, 27 and 29 of the Algorithm 1 to converge. Also,
let J be the length of the lookup table (line 4). It can be seen that the pre-optimization
phase is O(SNsc(J + K)). Starting with the most inner loop (lines 18 to 23) each cycle
of the Nsc cycles requires KS comparisons, and it takes T24 for convergence result-
ing in O(T24NscKS). The loop in lines 13 to 16 is O(S) because it cycles S times.
Thus, the optimization phase is O(T27T29(S + T24NscKS)). Therefore, the overall re-
source allocation scheme complexity isO(SNsc(J +K))+O(T27T29(S +T24NscKS)).
Whereas an exhaustive search for allocating subcarriers and rates only is exponential
(i.e., O((KS)Nsc)), the proposed scheme is linear (i.e., O(T24KSNsc)) in terms of the
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number of subcarriers7 available to the cell, which implies a major reduction in the com-
putational complexity. Although the complexity has been reduced, a stoping criteria
needs to be defined to stop the algorithm before the CSI changes. The change in CSI de-
pends on how fast is the channel varying in real time. Defining a stoping criteria requires
the implementation of the Algorithm in hardware which will be addressed in our future
work.
4.5 Performance Evaluations
Simulations are presented in this section to evaluate the proposed scheme’s performance
in terms of the expected rate gain achieved by considering the CSI imperfection at the
MAC layer, the performance in limiting the allocated classes expected rate to a partition
of throughput specified by the CAC scheme, and the satisfaction of OFDMA constraints.
A frequency selective fading and Rayleigh distributed channel is simulated based on
a six-tap time varying model. A 512 discrete Fourier transform (512-DFT) of the delay
tap gains generates 512 subcarriers CSI. The subscribers’ channels experience distance
dependent fading that follows the power inverse law [19]. In our simulation, the path loss
exponent is set to 2. In the network under consideration, the RAU knows the estimated
CSI of each subcarrier, Ĥsn, for each particular subscriber, s, in addition to the estimation
error variance (σ̃sε )
2. Various network parameters’ distributions and assumptions are
stated in the system model (Section 4.1).
Figure 4.3 shows the expected rate achieved by one subscriber station over 500 sam-
ples of the channel for a range of power-to-noise ratio, psn/(σ
s
z)
2. In order to show the
gain achieved by considering the channel estimation error, three scenarios are studied.
1- In the first scenario, the RAU has perfect knowledge of the CSI (i.e., Hsn) which is
shown to achieve the highest expected rate, but not possible in practice.
7In OFDMA networks, the number of subcarriers can be as large as 2048.
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2 = 0.5 by (4.17)
Figure 4.3: Expected rate achieved given perfect CSI, Hsn (first scenario), estimated CSI
with error ignored, Ĥsn (second scenario), and estimated CSI with error considered, H̆
s
n
(third scenario - proposed)
2- In the second scenario, the RAU assumes the estimate, Ĥsn, to be perfect and ig-
nores the estimation and delay error.
The expected rate decreases as the estimation error variance increases as shown by lines
labeled as Ĥsn, (σ̃
s
ε )
2 = 0.05, 0.3 and 0.5 in Figure 4.3. Note that the plots are in
bits/sec/Hz; thus, the difference between the expected rate for the above two scenar-
ios is scaled by the transmission bandwidth. Therefore, as the transmission bandwidth
increases, the loss in expected rate increases in the second scenario.
3- The third scenario represents our proposed model where the RAU has knowledge




Based on this knowledge and equation (4.18), the expected rate (solid line in Figure 4.3)
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is close to the one achieved when the RAU has perfect knowledge of the CSI as in the
first scenario (line marked with +).


















































Figure 4.4: Expected rate allocated as the scheme evolves without classes aggregate rates
limit constraints.
Whereas the above simulation shows how a substantial rate gain can be achieved
by considering the CSI imperfection, in the following, we show how the proposed re-
source allocation scheme maintains the aggregate rate limit for each service class in a
multiservice network. In addition to the above mentioned PHY layer simulation setup,
consider a cell with four subscribers that are randomly distributed in the cell. The
BS offers two classes of service; three of the subscribers subscribe to the first class,
{s ∈ S(1) : s = 1, 2, 3}, and the fourth subscriber subscribes to the second class,
{s ∈ S(2) : s = 4}. The first class subscribers are considered to be less demanding for
rate than the second class subscribers. Thus, the first class and second class subscribers
are considered to, respectively, have the following utility functions U s(rs) = log(rs)
for s = 1, 2, 3 and U4(r 4) = 15 log(r 4). Intuitively, a large amount of resources is
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expected to be allocated to the fourth subscriber station if constraints are not imposed on
each class aggregate rate. This scenario is simulated by setting the Lagrange multipliers
of problem (4.37) to zero, i.e., λ = 0. Figure 4.4 shows the expected rates allocated to
subscribers. Subscribers 1-3 subscribe to class 1 while subscriber 4 subscribe to class
2. The rates are normalized to the network throughput over this allocation instance.
It is clearly observed that the scheme allocates 62% of the network throughput to the
demanding subscriber (i.e, second class subscriber) while it allocates only 38% to the




when the scheme converges. In this scenario, the scheme allocates even higher rate if
the demanding subscribers have better channel condition than the rest which may result
in not supporting the less demanding subscribers. The difference among the rates allo-
cated to the first class subscribers is due to the difference in their subcarriers gains. Our
proposed scheme constrains the aggregate rate allocated to each class subscriber to its
limit reported by the CAC scheme while satisfying the power and subcarriers exclusive
allocation constraints.
Consider that the CAC scheme limits the first class aggregate rate to 80% and the
second class to 20%, (i.e., c(1) = 0.8 and c(2) = 0.2). We re-run the simulation with the
same network parameters (i.e., utility functions, channels, subscribers) while λ is evalu-
ated by (4.37). Figure 4.5 shows the expected rates allocated to subscribers when limits
are imposed on the classes aggregate rates. Subscribers 1-3 subscribe to class 1 while
subscriber 4 subscribes to class 2. We observe that, at convergence, the rate allocated to
the demanding subscriber is reduced from 62% to 20%. The 42% that became available
is now shared among the first class subscribers; thus, their aggregate rate increases from
38% to 80%. Both classes allocated rates are limited to their capacities specified by the
CAC scheme that satisfies the QoS requirements of each class of service. In both sce-
narios, the proposed scheme exclusively allocates each subcarrier to one subscriber and
maintains a limit of PBS on the power allocated to all subscribers.
Next, we demonstrate the performance of the proposed scheme on the uplink mode.
We consider a single cell with six subscriber stations. The first three subscribers are
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Figure 4.5: Expected rate allocated as the scheme evolves with classes aggregate rates
limit constraints (proposed scheme).
more demanding than the last three; thus, their utility functions are considered to be,
respectively, U s(rs) = 5 log(rs) for s = 1, 2, 3 and U s(rs) = log(rs) for s = 4, 5, 6.
In addition, they subscribe to two different classes, {s ∈ S(1) : s = 1, 2, 3} and
{s ∈ S(2) : s = 4, 5, 6}. In the uplink mode, each subscriber has a power constraint
which corresponds to its battery available power (i.e., Ps); thus, the power allocated to
each subscriber has to be limited to Ps. Subscribers are simulated to have equal power
constraints for simplicity. The first and second class of service aggregate rates, deter-
mined by the CAC scheme, are assumed to be c(1) = 60% and c(1) = 40%, respectively.
Figure 4.6 shows the evolutions of expected rate allocation for each subscriber and
the aggregate rate for each class. Similar to the downlink mode, the presented scheme
limits the aggregate rate of each class to the partition of the throughput allocated to it. It
is observed that the convergence speed for uplink is slower than that for downlink, shown
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Figure 4.6: Normalized expected rate allocated as the scheme evolves to each class (top
sub-figure), subscribers of class one (middle sub-figure) and subscribers of class two
(bottom sub-figure).
in Figure 4.5. This decrease in convergence speed is due to the increase in the number
of power constraints in uplink compared to downlink. To investigate the exclusive sub-
carrier assignment, the checkerboard plot in Figure 4.7 shows that each subcarrier of the
512 subcarriers is allocated to a subscriber station; black areas indicate the range of sub-
carriers allocated to a subscriber station. Similar performance in allocating subcarriers
has also been observed for the downlink mode. In addition, the normalized power allo-






for s = 1 · · · 6) is shown in Figure 4.8. It can
be seen that the power allocated to each subscriber never exceeds its power limit, Ps for
s = 1 · · · 6. The power allocated to some subscribers is more than the power allocated to
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Figure 4.7: Subcarriers allocation to each subscriber at convergence.
the rest because of their low channel gain on their allocated subcarriers.
4.6 Summary
A novel resource allocation scheme for OFDMA-based PMP networks has been pro-
posed. The proposed scheme solves the resource allocation problem in the dual domain
by decomposing it into several subproblems at the MAC layer while considering channel
estimation and delay errors at the PHY layer. In addition to satisfying OFDMA network
constraints (i.e., exclusive subcarrier and maximum power allocations), the proposed
scheme maintains the classes aggregate expected rate limits, imposed by a CAC unit, to
satisfy the QoS requirements of each class. Simulation results are given to demonstrate
that a significant gain can be achieved by taking the CSI imperfection into consideration.
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Power Allocation for Single Carrier
Cooperative Networks
In this chapter, we consider power allocation in cooperative networks with inaccurate
CSI. The channel estimation error is embedded in the power allocation model which
results in an uncertain linear and time varying system. Based on this system, a robust
and constrained Kalman filtering (RCKF) scheme which adapts the allocated power to
channel variation while satisfying the average bit error probability (BEP) requirements
of each subscriber is developed. The proposed scheme’s low complexity, robustness to
CSI inaccuracy and adaptive responsiveness to changes in BEP requirements make it
practical for real network implementation. Simulation results show that the proposed
scheme converges to the optimal allocation with light computational burden despite the
inaccuracy in the received CSI.
A cooperative network creates a virtual multiple input scenario to facilitate diversity
reception in order to yield cooperative diversity (CD) gain when multiple antennas are
not feasible for a communication terminal. Cooperation not only replicates multiple-
input multiple-output (MIMO) transmissions but also outperforms it in palliating shad-
owing effects because the antennas of the source and its cooperating partner has a larger
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separation distance than the antennas housed at one subscriber as in MIMO systems. In
addition, scatterers in the vicinity of the source and its cooperating partner may be dif-
ferent; however, in MIMO systems the antennas are surrounded by the same scatterers.
The CD gain reduces transmission power and allows increasing the code rate which, in
turn, increases spectral efficiency [106]. In addition, the increase in spectral efficiency
decreases retransmissions which results in lower delays. Cooperative networks improve
the performance through adaption to network conditions (i.e., subscribers’ channel gains,
battery life) by choosing between with or without cooperation [107]. It is shown in [108]
that cooperation offers an opportunity for diversity detection in cognitive radio networks.
Because of these features, cooperative technologies have received great attention from
both the research community and industry. For example, cooperative technologies are
adopted in both the Broadband Wireless Access Networks IEEE 802.16j and the 3rd
Generation Partnership Project Long Term Evolution (3GPP-LTE) [3] standards.
In [109], a bandwidth and energy efficient CD system using quadrature signaling for
a two-subscriber cooperation paradigm is proposed. Quadrature signaling is achieved
by transmitting in the in-phase and quadrature components of a quadrature amplitude
modulation scheme. With quadrature signaling, instead of expanding the bandwidth or
reducing the effective data rate of the cooperative system, the signal constellation of
the modulation scheme is expanded to accommodate the transmissions by the partner.
Since each subscriber employs its own multiple access channel to send both its and the
partner’s signals to the destination, quadrature signaling eliminates the need to use the
partners’ multiple access channels, and thereby reduces the additional synchronization
normally required in schemes such as distributed space-time block coding (DSTBC) in
which the signal from both subscribers should be received coherently. It is shown that
the CD system in [109] can achieve diversity order of two.
Wireless mobile devices are normally battery powered. It is important to minimize
the energy consumption in order to maximize the lifetime of the device without recharg-
ing or replacing the battery. The error probability of a CD system primarily depends on
the quality of the inter-subscriber channel and subscriber-to-destination channel, and the
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transmission power of the cooperating subscribers. To minimize the requested power for
a guaranteed error probability, the transmission power should be optimally allocated to
both the source and the relay according to the channel qualities and the CD system em-
ployed. Various power allocation schemes [42, 110–114] have been proposed for coop-
erative relay networks. However, these works assume the CSI to be perfectly known and
ignores the effect of CSI inaccuracy with the exception of a limited number of reported
results (e.g., [115, 116]). Our previous investigation [12] shows the CSI inaccuracy sig-
nificantly affects cooperative networks performance. Generally, the performance of the
CD systems is optimized using power allocation among the source and the partner based
on the channel CSI, fed back from respective receivers. The destination must have the
knowledge of CSI between the source and the potential relays to select a partner. The
fading channel is time varying and the CSI received from the feedback message is not ac-
curate at the time instant it is used because of the the channel estimation and processing
errors, and transmission delays. Thus, it becomes of great importance to consider chan-
nel estimation error in the design of CD related schemes like power allocation which is
the focus of this work.
In addition to overlooking the CSI inaccuracy, literature available power allocation
schemes (e.g., [117, 118]) for relay networks are designed under the assumption that the
source and relay power are constrained by a total power constraint. However, our sys-
tem model represents a practical scenario in which the source and relay have individual
power constraints that correspond to their individual batteries’ power. The need for a
practical scheme has motivated us to apply Kalman filtering in the context of power allo-
cation because Kalman filter (KF) has been shown to be practical and implementable in
numerous applications like space-craft navigation for the Apollo space program, nuclear
power plant instrumentation, manufacturing, etc. [119]. In wireless communication re-
lated schemes, KF has been widely applied, for instance, in channel estimation [120],
mobility estimation [121], interference estimation and power allocation [122, 123], and
adaptive beamforming [124].
In this chapter, we propose a novel power allocation scheme for CD systems in which
78
Chapter 5. Power Allocation for Single Carrier Cooperative Networks
the CSI estimate is inaccurate and the permissible computational complexity is low. The
proposed scheme allocates the minimum power for a cooperating pair of subscribers
while satisfying their average BEP requirements. Based on our previous results [109]
which show that the optimal allocation is obtained by satisfying the constraints with
equalities and the robust Kalman filter proposed in [125], the proposed approach con-
verts the power allocation problem to a robust estimation problem. In particular, the
power allocation process over frames is modeled as a first order autoregressive process
[123]. The autoregressive process parameters (i.e., weights) vary over frames follow-
ing state-space equations that describe the system. These state-space equations differs
from state-space equation considered in conventional Kalman filtering problems in two
aspects: First, the prediction and output matrices are uncertain due to CSI inaccuracy.
Second, the output equation is constrained by target average SNRs that satisfies the aver-
age BEP. In this context, the robust and constrained Kalman filter estimates the weights
that minimize the sum of allocated power and satisfy a predefined average BEP. Robust
Kalman filters perform state estimation for linear models with uncertainty [125] and con-
strained Kalman filters estimate the states of a systems with a constraint imposed on the
output equation (a.k.a measurement equation) [124, 126, 127]. The estimation error for
Rayleigh channels and AWGN noise has been shown to be Gaussian [12, 58, 78]; how-
ever, in this work we consider a practical situation where the distribution of the error is
unknown. The distribution of the estimation error is assumed to be uniformly distributed
in a given range centered around zero. The proposed scheme is semi-distributed in the
sense that different operations are performed at the subscribers and the base stations
which coordinate the exchange of information among subscribers.
The notation used in this chapter is as follows. O is the identity matrix of the appro-
priate size. Boldface upper-case and non-italicized letters and symbols denote matrices
while boldface italicized letters and symbols denote vectors.
The remainder of the chapter is organized as follows. Section 5.1 describes the
system model. The problem formulation and proposed power allocation scheme are
presented in Section 5.2. Simulations results are presented in Section 5.3. Finally, the
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Figure 5.1: Illustrative CD network of a cooperating pair, subscriber-1 and subscriber-2,
and a base station showing the time line of frames sourcing and relaying on each of the
subscribers channels.
We consider a single-carrier wireless network where the base station (BS) of a ra-
dio cell supports multiple subscribers. Each subscriber is capable of cooperating with
another subscriber (i.e., cooperation between two active subscribers). A cooperating
partner for a subscriber is pre-selected by the RAU [7]. The partner forwards the frame if
it was correctly received. The BS and each of the subscribers has a single antenna. The
uplink signals (transmitted by the sender and relayed by the partner) are combined at the
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BS using maximal ratio combining (MRC). The cooperative diversity scheme thus emu-
lates a “two inputs one output” (2I1O) situation. The inter-subscriber and subscriber-to-
BS channels are assumed to exhibit time selective and frequency non-selective Rayleigh
fading and to be independent of each other. The channel is considered quasi-static so that
channel variation over a frame duration is negligible. The BS receives a inaccurate CSI
estimate of the subscriber-1-to-subscriber-2 channel while each subscriber receives an in-
accurate estimate of the CSI on the subscriber-i-to-BS channel, i ∈ {1, 2} in each frame
from the BS. We make the assumption that the inter-subscriber channels are symmet-
ric for simplicity but the proposed scheme can be applied in networks with asymmetric
inter-subscriber channels. In addition, the BS evaluates the average channel gains over
a window of frames. Based on the received inaccurate CSI and the target SNR to be
maintained, each of the subscribers allocates its transmission power (for both sourcing
and relaying channels) such that a pre-defined average BEP is supported.
To facilitate the proposed power allocation scheme presented in Section 5.2, we sum-
marize the M -QAM cooperative diversity scheme under consideration and its perfor-
mance in terms of average BEP [109].
5.1.1 Cooperative Diversity Scheme Under Consideration
Consider a cooperative diversity scheme based on M -QAM signaling in which a sub-
scriber (the sender) cooperates with another subscriber (the partner) to transmit signals
in the uplink of an infrastructure based network. Cooperating subscribers transmit their
own and the partner’s signals simultaneously using quadrature signaling. In quadrature
signaling, we assign the in-phase channels at both subscribers (i.e., I(1), I(2) and I(1,2))
to subscriber-1 and the quadrature channels (i.e., Q(1), Q(2) and Q(1,2)) to subscriber-2
[109].
Figure 5.1 shows the frames of symbols broadcasted by subscriber-1 on I(1) and
I(1,2) to the BS and subscriber-2, respectively. Subscriber-2, then relays the information
in the next frame to the BS on I(2). For example, subscriber-1 broadcast the solid black
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frame on I(1) and I(1,2). Then, subscriber-2 transmits the received solid black frame
on I(2) to the BS. The same applies when subscriber-2 broadcasts its frames on Q(2)
and Q(1,2) which are relayed by subscriber-1 on Q(1). The signals transmitted by the
sender and relayed by the partner are combined at the BS receiver using maximal ratio
combining. Figure 5.1 also shows the constellation plot with the in-phase and quadrature
components of each subscriber; the inter-subscriber constellation plot was omitted for
space limitations.
Since subscriber-1 and subscriber-2 use the in-phase and the quadrature components
of the M -QAM modulation, respectively, each subscriber equivalently employs
√
M -
PAM modulation. In the uplink receiver of both subscribers, the in-phase and quadrature
components are demodulated separately and the detected and regenerated partner’s frame
is forwarded to the BS if the frame is detected error free.
Let the baseband equivalent received signals from subscriber-i, i ∈ {1, 2}, at the BS
be denoted as ri,B(t), where t is the discrete symbol’s time index. Similarly, subscriber-
i’s uplink signal received by subscriber-j, j ∈ {1, 2} and i 6= j, is denoted as ri,j(t).
From the system model, ri,B(t) and ri,j(t) can be written as
ri,B(t) = hi,B(t)si(t) + ηi,B(t) (5.1)
ri,j(t) = hi,j(t)si(t) + ηi,j(t), (5.2)
where the channel gain between subscriber-i and the BS is denoted by hi,B(t) and that
from subscriber-i to subscriber-j by hi,j(t). When the inter-subscriber channel is sym-
metric, the coefficients of fading channel are equal (i.e., hi,j(t) = hj,i(t)). The processes
ηi,B(t) and ηi,j(t) are additive noise at the respective receivers and assumed to be zero
mean circularly symmetric, complex Gaussian distribution with variance N0/2 per di-
mension, where N0 is the one-sided power spectral density of white Gaussian noise.
Subscriber-1’s and subscriber-2’s symbols, sy(i)(t) i ∈ {1, 2}, are chosen from an M -
QAM signal constellation similar to that shown in Figure 5.1. In a particular frame, f ,
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log2 M , ı is the the imaginary unit, Tf is the frame duration, EI
(i)
b is
the energy spent per bit at subscriber-i on the I(i) channel and EQ
(i)
b is the bit energy at




M -PAM information symbol of subscriber-i. ā(i)(·) is the corresponding repro-
duced symbol at the partner, given by






where ĥi,j is the estimate of hi,j , and χ1 = < and χ2 = ı . S√M is the set of
√
M -PAM
information symbols. At the BS, if each subscriber relays the partner’s information,
the signals received from both subscribers are combined using MRC. From the above
description of the CD scheme, an inaccurate channel estimate affects the demodulation,
symbol regeneration, power allocation and partner selection, and hence the performance
of CD systems.
5.1.2 Average Bit Error Probability
In [109], we derived the analytical BEP performance of the M -QAM CD system under
consideration. For the subscriber-1-to-BS, Υ(1), subscriber-2-to-BS, Υ(2), and subscriber-
1-to-subscriber-2, Υ(1,2) average SNRs, the BEP of subscriber-1 employing 4-QAM and
16-QAM signaling, respectively, were found to be ([109], (8) and (11))
Pb = (1− PFEP )1
2
(
g(Υ(1), Υ(2)) · z(Υ(1))





PFEP · z(Υ(1)), (5.6)
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g(Υ(1), Υ(2)) · d(1)





PFEP · d(1), (5.7)
where g(x, y) = x




. Also, d(i) =
(
4− 3µ(i)(4, 0)− 2µ(i)(4, 1) + µ(i)(4, 2))





(i) i ∈ {1, 2}. Note that for subscriber-2




































where Ne|b is the number of symbol errors in a frame due to error in the b-th bit of the
symbol and Sym is the number of symbols in a frame.
5.2 Problem Formulation and Proposed Power Alloca-
tion Scheme
The power allocation problem is posed as a minimization of the power consumption of
both the source and relay while satisfying the average BEP requirements, ε(1) and ε(2).





b i ∈ {1, 2} (5.10)
s.t. P (i)b ≤ ε(i) i ∈ {1, 2}, (5.11)
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where ε(i) i ∈ {1, 2} is the required BEP of subscriber-i. Although the proposed scheme
essentially allocates bit energy, power allocation is obtained by simply multiplying the
allocated bit energy by the number of bits in a frame and averaging over the frame du-
ration since the bit energy is constant over a frame duration. Whereas the power alloca-
tion problem under consideration can be optimally solved for each frame, the resultant
computational complexity will be prohibitively high. Computationally complex power
allocation schemes are impractical in real networks because of the long computation
time required to obtain an optimal solution during which the channel gain will likely
be changed. Low complexity schemes are preferred, especially for distributed imple-
mentations in which subscribers have limited computational power. In addition to our
results reported in [109], research works in [128, 129] show that the optimal solution
is obtained when the constraints in (5.11) are satisfied with equalities. The proposed
scheme achieves the optimal allocation through satisfying these constraints with equal-
ity. The required low complexity and the fact that an optimal solution can be obtained by
satisfying the average BEP constraints with equality motivated us to adopt a state estima-
tion technique with low implementation complexity and the average of its state estimates
converges to the actual state’s average [119]. The Kalman filter has these properties.
The BEP of 4-QAM and 16-QAM CD was given in (5.6) and (5.7), respectively.
Note that the required average BEP (i.e., ε(1) and ε(2)) of the subscribers can be achieved
by maintaining their required average SNRs. These SNRs are defined as the target SNRs
and denoted by Υ(1)|ε(i), Υ(2)|ε(i) and Υ(1,2)|ε(i), respectively, for i ∈ {1, 2}. Thus, for
each cooperating pair, there are 6 SNRs to be maintained. For example, given ε(1) and
ε(2) (e.g., 10−3) to be satisfied, the target SNRs can be numerically solved by inverting
equation (5.6) or (5.7). The complexity of such inversion is not a concern since it is
performed off-line and the number of supported BEPs is limited. Therefore, they are not
computed during power allocation but rather available in lookup tables at the BS. Based
on the channel estimates available at the BS it looks up the target SNRs and reports them
to the subscribers.
In our cooperative network, subscriber-1 (i.e., the source) broadcasts its signal to
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subscriber-2 (i.e., partner) and to the BS during the same frame. With the assumption
made earlier that each subscriber has a single antenna, evaluation of the transmission
power at subscriber-1 for example, that maintains the target SNRs Υ(1)|ε(1) on I(1) and












are the average channel gains over a window of frames on
I(1) and I(1,2), respectively (see proof given in Appendix B). Therefore, in the broadcast
phase of the transmission, power allocation satisfies the target average SNR on one of the
broadcast channels also satisfies the target average SNR on the other, if and only if the
relation in (5.12) is satisfied. This condition can be easily satisfied after inverting either
(5.6) or (5.7) offline.
Because each subscriber maintains its target SNR (i.e., the ones obtained by invert-
ing (5.6) or (5.7)) separately, power can be allocated in a distributed manner at each
subscriber. This allows us to present the proposed scheme in the sequel for one of the co-
operating subscribers, say subscriber-1; power allocation at subscriber-2 can be similarly
done.
The power allocation problem in (5.10) and (5.11) is converted to a robust and con-
strained Kalman state estimation problem. Power allocation is considered to be a first
order autoregressive linear and time-varying process whose parameters are updated ac-
cording to a set of state-space equations [123]. The allocated bit energy in the next frame,









































The weighting factors wI(1)f and w
Q(1)
f are updated from one frame to the next such that
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Figure 5.2: Block diagram of the proposed scheme at subscriber-1 showing power allo-
cation for the frame f + 1. CE stands for channel estimator.
Figure 5.2 shows a block diagram of the proposed scheme representing different
modeling parameters and power allocation evolution over frames. The parameters cross
the time axes in Figure 5.2 to indicate the time instant at which they are received or
generated. The BS estimates the CFC and demodulates the received signals. Based on
the estimated CFC, the CSI, E[|ĥ(1)f |2]/N0, can be calculated at the BS and fed back to
subscriber-1. The CSI can be sent through a dedicated feedback channel or placed in the
header of the next frame after the estimation in the downlink. The accuracy of the CSI
depends on the CFC estimation error, averaging window size of CSI, signal processing
delays and feedback delays. Therefore, it is imperative to consider CSI estimation in-
accuracy in evaluating the weighting factors. Note that the estimate received at the end
of the f -th frame (i.e., E[|ĥ(1)f |2]/N0) was generated from pilot symbols inserted in the
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f -th frame (Figure 5.2); thus, it is an estimate of the channel during the f -th frame trans-



















can be evaluated. This completes the information required to write the state (i.e., weights
vector) prediction equation,
wf = Πf−1wf−1 + Λf−1zf−1. (5.15)




























where δγ̄(1)f denotes the estimation error in the SNR, the error distribution is consid-
ered to be uniformly distributed in a given range as will be shown later. Incorporat-
ing the estimation error in the transition matrix makes the proposed approach resilient
to estimation error. The modeling errors are denoted by the vector of Gaussian ran-





T with zero mean and known covariance matrix Zf
[123]. Λf models how the Gaussian modeling errors affect the system; in equation
(5.15) Λf−1 = O. In this modeling, the weights adapt to channel variation to satisfy











f |ε(1) Υ(1)f |ε(2)
]T
. As mentioned earlier, the sequence of power allocations
(over multiple frames) that maintains an average SNR of Υ(1)|ε(1) on I(1) is the same
sequence that maintains an average SNR of Υ(1,2)|ε(1) on I(1,2) and vice versa if the
condition in (5.12) is satisfied. We choose to allocate power based on the weaker link
required SNR, Υ(1)f |ε(1), because the inter-subscriber link is always stronger since pair-




f |ε(1) Υ(1)f |ε(2)
]T
. These target SNRs are
incorporated in the output equation (a.k.a measurement equation) as fixed outputs,
Υf = Ξfwf + vf . (5.17)
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T which is a vector of Gaussian random
variables with zero mean and known covariance matrix V f . In conventional Kalman
estimation system equations, this output error models the measurement error; however,
in this constrained system equation (i.e., equation (5.17)), this error is added with a
very small variance to avoid singular1 matrices [130]. At any frame, vf and zf are
assumed uncorrelated. It is imperative to stress on the difference between the state-space
modeling for conventional Kalman filter and the above modeling. In the above output
equation (5.17), the output is a predefined vector (i.e., the target SNRs); whereas in the
conventional state-space modeling, the output is a mapped measurement vector of the
actual states.
The estimation error is commonly modeled as Gaussian error which is true for Rayleigh
channels and AWGN noise. In some practical situations, the estimation error distribution
is unknown and can be considered uniformly distributed in a given range [131]. In other
words, all values of error are equally probable and centered around zero. Because of the
recursive nature of the above system equations (i.e., (5.15) and (5.17)), the uncertainties
in the products ΞfΠf−1 and ΞfΛf−1 are the ones that affect the estimation of wf rather
than the uncertainty in the individual matrices Πf−1, Ξf or Λf−1 [125]. Hence, we focus
on the uncertainty in the products ΞfΠf−1 and ΞfΛf−1 which can be written as





∆f is a diagonal matrix of arbitrary and unknown contractions |∆(1)f | ≤ 1. M, ξΠ and














1A singular matrix is a square matrix that does not have an inverse.
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These constant parameters model how matrices ΞfΠf−1 and ΞfΛf−1 are affected by the
contractions and they may vary from one channel estimation algorithm to the other. Such
perturbation modeling is common for uncertain systems [122, 132].
Equations (5.15) and (5.17) form a state-space description of a discrete and linear-
time-varying (LTV) system. The matrices δΞfΠf−1 and δΞfΛf−1 capture the uncer-
tainties of the SNR while the output equation (5.17) constrains the output to the target
SNRs. The uncertainty in the system matrices and the constraints incorporated in the
output equation call for adopting a robust [125, 133, 134] and constrained [130] Kalman
filtering technique in order to estimate the weights vector, wf . In the sequel, a con-
strained version of the robust Kalman filter ([125], Table I) is applied in the context of
power allocation for cooperative networks with inaccurate CSI. Each of the subscribers




f ]) which is an inaccurate
version of Ξf . With the previous frame’s SNR, Ξ̆f−1, the inaccurate prediction matrix
Π̆f can be formed because Πf = Ξf−1Ξ−1f as modeled in equation (5.16). Let Ω denote
the estimation error covariance matrix. Let ŵf be the optimal linear mean square pre-
dicted estimate of wf with the knowledge of Π̆0, · · · , Π̆f−1 and Ξ̆0, · · · , Ξ̆f−1. Also, let
ŵf |f be the optimal linear means square filtered estimate of wf given Π̆0, · · · , Π̆f and
Ξ̆0, · · · , Ξ̆f . The same notation is applied to other matrices involved in estimation.
The pseudocode of the proposed robust and constrained Kalman filtering (RCKF)
power allocation scheme is presented in Algorithm 2. The Algorithm generates the
source and relay power allocation for given inputs which are the imperfect CSI, range
of estimation error and target SNRs. In The subscriber index i is dropped in the pseu-
docode for notational brevity. After initialization, the covariance matrices and the pre-
diction equation matrices are corrected to account for the estimation error (lines 4 to 12).
The vector of correction parameters, λ̂, is fine tuned by varying %. The ŵf−1|f−1 and
Ωf−1|f−1 update phase corresponds to a constrained Kalman filter in which the output
Υf of the output equation is the target SNRs (line 15). The target SNRs, Υf , changes
if any of the cooperating subscribers changes its required BEP or the ratio of the aver-
age channel gains on the broadcast channels is changed, otherwise, it is fixed. Once the
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4. Correction argument evaluation
5. λ̂ = (1 + %)||MT V −1M||
6. while frames available do





















11. Λ̂f−1 = Λf−1 − λ̂Π̆f−1Ω̂f−1|f−1ξΠT ξΞ
12. Π̂f−1 =
(




O− λ̂ Ω̂f−1|f−1 ξΠT ξΠ
)
13. Update ŵf−1|f−1 and Ωf−1|f−1
14. ŵf = Π̂f−1ŵf−1|f−1
15. Θf = Υf − Ξ̆f ŵf





17. Ψ−1f = V̂ f + Ξ̆fΩf Ξ̆
T
f










20. Next frame power allocation
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estimate of the weights vector (i.e., ŵf |f ) is evaluated in line 19, the bit energy for the
(f + 1)th frame is allocated in line 21 following equation (5.13). Whereas the above
presentation is focused on power allocation for subscriber-1, power is also allocated at
subscriber-2 using the same approach.
5.2.1 Summary of the Proposed Scheme
Figure 5.3 is a flow chart representation of the proposed scheme. Operations with solid,
dashed, dotted border are carried out at the BS subscriber-2 and subscriber-1, respec-
tively. Rec. and CE stand for receive and channel estimator, respectively. The proposed
scheme is semi-distributed in the sense that operations are carried out at both cooperat-
ing subscribers and the BS. At the beginning of the communication session, the BS re-
ceives the required BEP of both subscribers. Channel estimation for subscriber-i-to-BS
i ∈ {1, 2} and subscriber-1-to-subscriber-2 channels is performed in every frame, re-
spectively at the BS, and subscriber-2; the latter reports the estimates to the BS. The BS




i ∈ {1, 2} and search the lookup tables for the target SNRs
only if the average channel gain ratio is changed or the BEP requirements are changed.
Each of the subscribers receives the target SNRs and channel estimate. The allocated
bit energy is stored to be used to form the transition matrices for the next frame. Based
on the received parameters, the proposed RCKF power allocation scheme allocates the
bit energy of the next frame as shown in Figure 5.2. The execution of these operations
continues until the communication session is terminated.
5.3 Simulation Results
In this section, simulation results are provided to demonstrate the performance of the pro-
posed scheme in terms of achieving the optimal power allocation, robustness to channel
estimation error and adaptive responsiveness to changes in the BEP requirements.
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Figure 5.3: General flow chart of the proposed scheme. Operations with solid, dashed,
dotted border are carried out at the BS subscriber-2 and subscriber-1, respectively. Rec.
and CE stand for receive and channel estimator, respectively.
Consider a network consisting of a base station and two subscribers forming a coop-
erating pair. The transmission from both subscribers are experiencing frequency flat fad-
ing. The subscribers receive their channels CSI and the target SNRs to be satisfied from
the BS. Note that the CSI reporting frequency and, hence, the frequency of power allo-
cation depend on how fast is the channel varying. We consider the worst case scenario
where a CSI is required for power allocation in each frame. Therefore, the prediction
93
Chapter 5. Power Allocation for Single Carrier Cooperative Networks
matrix Πf and output matrix Ξf vary from one frame to the other for both subscribers.
Because channel estimation is carried out at the same base station for subscriber-i-to-BS,
i ∈ {1, 2} channels, the SNR perturbation models for these channels are considered to












and random contractions ∆(i) for i ∈ {1, 2} generated uniformly in the interval [-1,1]




(i) for i ∈ {1, 2} and δγ̄Q(i)f = 0.03∆(i) for i ∈ {1, 2}. In the following
we focus on power allocation related to subscriber-1. In other words, we study the per-
formance of the proposed scheme on all channels assigned to subscriber-1 (i.e., I(1), I(2)
and I(1,2)) that contribute to the evaluation of subscriber-1’s BEP. Power allocation on
I(1) and I(1,2) is performed by subscriber-1 and on I(2) by subscriber-2 (Figure 5.1).
Subscriber-1 is considered to have an average BEP requirement of ε(1) = 10−3 and
average channel gain ratio of h
(1)
h
(1,2) = 0.5428. The target SNRs in dB that correspond to
the required BEP and average channel gain ratio are Υ(1)f |ε(1) = 13.57, Υ(1,2)f |ε(1) = 25,
Υ
(2)
f |ε(1) = 16.53. The evaluated target SNRs satisfy the condition given in equation
(5.12) and satisfy the target BEP= 10−3.
Figure 5.4 compares the average SNRs on channels allocated to subscriber-1 that are
maintained by the RCKF and constrained Kalman filter (CKF) power allocation schemes.
The major difference between RCKF and CKF is that the latter considers the received
CSI estimated to be accurate and skips lines 4 to 12 in Algorithm 2. It can be seen from
Figure 5.4 that the proposed RCKF power allocation scheme converges to the target
SNRs (i.e., the allocated power converges to the optimum). Average SNRs on I(1) and
I(2) converges faster than that on I(1,2) because power on the former is allocated based on
the received estimate of the subscriber-i-BS, i ∈ {1, 2} channels while on the latter, the
allocated power is set equal to that allocated on I(1) since I(1) and I(1,2) are the broadcast
channels. This supports our theocratical claim in Appendix B that power allocations that
maintain an average SNR of Υ(1)f |ε(1) on I(1) also maintains an average SNR of Υ(1,2)f |ε(1)
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RCKF Power Allocation CKF Power Allocation
Figure 5.4: Average SNR on channels I(1), I(1,2) and I(2) that are allocated to subscriber-
1






(1,2) . The rapid fluctuations around the target
SNRs results from the high variation of a channel with a Doppler frequency of 30 Hz.
Maintaining the target SNRs achieves the optimum average BEP (ε(1) = 10−3) as can be
seen from Figure 5.5. It is also shown in Figure 5.4 that ignoring CSI inaccuracy as in
CKF results in supporting higher SNRs than the optimum ones (i.e., target SNRs) and
hence supporting a BEP that is less than the optimum as shown in Figure 5.5. Schemes
that ignore CSI inaccuracy waste battery power of both subscribers. Starting with an
initial SNR that is higher than the target SNR at subscriber-1 results in an initializing
BEP that is lower than the required BEP (Figure 5.5).
Figures 5.6 and 5.7 shows performance of the proposed scheme over 300 experiments
in comparison with CKF. Each point in Figure 5.6 is an average of the achieved BEP de-
viation from the required BEP (i.e., ε(1) = 10−3) at the f -th frame over 300 experiments.
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Figure 5.5: Average BEP of subscriber-1.
It is shown that after 200 frames, the proposed scheme shows an average error less than
0.5 × 10−5 which approaches zero after 1500 frames. On the other hand, CKF power
allocation shows an error average that is about 3.6 × 10−5. The proposed scheme not
only outperform CKF in achieving the optimum BEP with zero error average but also
with the minimum error variance as shown in Figure 5.7.
Whereas previous simulations results focused on demonstrating robustness of the
proposed scheme to CSI inaccuracy, Figure 5.8 shows adaptive responsiveness of the
proposed scheme to a change in the required BEP. Consider a change of subscriber-1’s
required BEP from ε(1) = 10−3 to ε(1) = 10−4 in the last 250 frames. In the 2750th frame,
the base station computes the new target SNRs and reports them to the subscribers. Both
subscribers adjust power weights to support the new BEP requirements only in 2 frames,
as shown in Figure 5.8. Lower fluctuations are observed for frames beyond the 2750th
frame; this is explained as follows: the BEP curves has higher slope at high SNR than at
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Figure 5.6: RCKF and CKF power allocation error average over 300 experiments.
low SNR; thus, the fluctuation at high SNR required for ε(1) = 10−4 results in low BEP
fluctuation and the opposite is true for low SNR which is required for ε(1) = 10−3.
The simulation results demonstrate that the algorithm converges closely to the target
SNRs in frames transmitted after the 1500-th frame for a Doppler frequency of 30 Hz,
faster convergence can be shown for lower Doppler frequencies. The proposed scheme
achieves the optimum while transmitting and adapting to channel variation because of its
recursive nature which distinguishes it from other schemes. Schemes that allocate power
only after convergence is reached at which the actual SNR is changed due to channel
variation and the obtained solution is obsolete. On the other hand, the proposed RCKF
allocates power for each frame (i.e., lines 7 to 21) and improves the solution over frames.
Operations in lines 7 to 21 are all arithmetic and simple to perform for 2 by 2 matrices.
Although, matrix inversion is considered to be computationally expensive [119], in the
proposed scheme it is very efficient because inverted matrices are diagonal and their
inverses are the reciprocals of the diagonal elements; thus, a matrix inversion is replaced
by two element by element divisions. Similarly, matrices multiplication is replaces by
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Figure 5.7: RCKF (black) and CKF (gray) power allocation error variance over 300
experiments.
two element by element multiplications because the matrices are diagonal of size 2 by 2.
In summary, simulation results and discussions suggest that the proposed scheme
maintains the target SNRs despite of the CSI inaccuracy and allocates power for each
frame with low computational complexity in addition to its fast responsiveness to changes
in BEP requirements.
5.4 Summary
We have developed a robust and constrained Kalman filtering power allocation scheme
for CD networks. The scheme is channel adaptive, minimizes allocated power that main-
tains target SNRs and satisfies subscribers’ BEP requirements. It is robust to channel
estimation error and is of low complexity and fast responsiveness; thus, the scheme is
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Figure 5.8: BEP of subscriber-1 over 2500 to 3000 frames where the BEP requirement
is reduced from ε(1) = 10−3 to ε(1) = 10−4
practical for real networks implementations. Simulations results support our theoretical
claim that the proposed scheme maintains the target SNRs on the subscribers-to-BS and
inter-subscriber channels simultaneously. The proposed scheme performance has been
compared with that of CKF power allocation schemes that ignore CSI inaccuracy. In
particular, it has been shown that the proposed scheme, RCKF, out performs CKF in
allocating the minimum power and satisfying BEP requirements with zero error average
and error variance relative to the optimum. Our future research is to consider satisfying
more QoS requirements besides average BEP. In addition, in our future work, we plan
to implement the proposed scheme in embedded systems evaluation software to obtain
insights on its performance in embedded systems.
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6.1 Conclusions
Fast and cost effective deployment in addition to reliability in supporting multiple ser-
vices are features that make service provides favour BWA networks. Last mile wireless
access networks provide the last link connectivity between a wired point of presence and
wireless subscribers who may reside in areas with different terrain profiles (i.e., urban,
suburban, rural) and hence experience different channel impairments. The major chal-
lenges include these wireless channel impairments, scarce resources, multiple services
with diverse QoS requirements, limited computational power, and inaccuracy of CSI,
all of which motivate the development of practical resource allocation schemes to best
utilize network resources while satisfying the network constraints.
In this thesis, we have investigated the effect of CSI inaccuracy on the performance of
BWA networks and presented practical resource allocation schemes for different possible
implementation scenarios of these networks. Our major objective is to develop practical
resource allocation schemes for various transmission technologies employed by BWA
networks, taking into consideration practical implementation challenges. The developed
100
Chapter 6. Conclusions and Further Works
schemes are practical in the sense that they consider CSI inaccuracy and require low
computational power in addition to satisfying multiple services’ QoS requirements and
employed technologies’ constraints.
One of the major practical issues we address is the inaccuracy of CSI estimates. It
is intuitive that CSI inaccuracy affects the performance of BWA networks; however, a
quantitative measure of this effect is required for the development of resource allocation
schemes. We first develop an approach to the evaluation of ergodic mutual information.
The considered system model captures the characteristics of OFDMA and SDF; thus,
results can be applied to single carrier and direct transmission since they are special
cases of OFDMA and SDF, respectively. The CSI inaccuracy was modeled as an additive
circularly symmetric complex Gaussian random variable, which makes the deterministic
CSI received by the RAU a random variable. Based on the statistical properties of the
CSI on the source-to-relay, relay-to-destination and source-to-destination, the ergodic
mutual information of the SDF scheme was evaluated. Numerical evaluations show that a
substantial gain can be achieved by considering CSI inaccuracy. In addition, simulations
show that with the knowledge of CSI inaccuracy statistics, channel adaptive schemes can
achieve an ergodic mutual information, if the developed approach is adopted, close to the
one attained if the perfect CSI is available .
The above-mentioned approach was used in power allocation for PMP OFDMA-
based networks. Then, the resource allocation problem for PMP OFDMA-based net-
works was modeled as a NUM one and was shown to be NP-complete. Multiple ser-
vices were assumed to be supported which requires capacity portioning by the CAC. The
aggregate rate allocated to each service was constrained by its capacity partition specified
by the CAC. The developed resource allocation scheme was based on the dual decompo-
sition approach; the problem was decomposed into a hierarchy of subproblems that are
easier to solve. The complexity of the algorithm was shown to be low via complexity
analysis. Numerical evaluations demonstrating the developed scheme performance in
satisfying network constraints and accounting for CSI inaccuracy were presented.
Finally, another implementation scenario of BWA networks was considered: the
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single carrier cooperative implementation scenario of BWA networks. The developed
scheme allocates power for sources and relays that are employing a quadrature signaling
cooperative scheme. The power allocation process was represented by an uncertain sys-
tem in which uncertainty models the CSI inaccuracy. In addition, the proposed scheme
maintains the target SNR on both broadcast channels (i.e., source-to-relay and relay-to-
destination) which provides stronger guarantees on the maintained BEP. The uncertainty
in the system and constraints imposed on the output equation to maintain target SNRs
require the adoption of a robust and constrained Kalman filter to estimate the power al-
location weights. Because it is designed based on a Kalman filter, the proposed scheme
enjoys the low complexity and fast responsiveness of Kalman filter. Numerical evalu-
ations demonstrate the proposed scheme’s robustness to CSI estimation inaccuracy, re-
sponsiveness to changes in required BEP, and optimality in allocating power.
6.2 Further Works
The developed resource allocation schemes address a number of practical implementa-
tion issues of BWA access networks. There are still other implementation issues that are
needed to be considered. The following are potential future research directions:
• The proposed schemes are based on the assumption that subscribers’ channels are
independent which is a common assumption in the literature [21, 24, 35, 38–57].
However, in relay scenarios, relay stations cover smaller areas than the base sta-
tion; thus, subscribers supported by the same relay station may be closely located
and may have correlated channels. Under such conditions, optimizing for resource
allocation is meaningless because allocating a subcarrier to any subscribers with
highly correlated channels performs the same. Hence, for subscriber with highly
correlated channels, multiuser diversity cannot be exploited, and resource alloca-
tion gain over random assignment is negligible. This observation rises the follow-
ing questions: Is the resource allocation gain worth the required computational
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complexity ? For what value of correlation is the resource allocation gain over
random assignment significant? These questions form an interesting direction for
future research.
• The research presented in this thesis focuses on common implementation scenarios
of BWA networks, specifically, a multicarrier (i.e., OFDMA) and direct (i.e., PMP)
scenario in Chapter 4, and single carrier and cooperative in Chapter 5. A scenario
not considered in this thesis is the OFDMA-based cooperative BWA, which should
be of interest to service providers because it combats both large scale and small
scale fading. Our work reported in [7] considers this implementation scenario, but
it was not included in this thesis because it was developed based on the assumption
that the CSI estimation is accurately known. Extending this work to consider CSI
inaccuracy is one of our future projects.
• Research reported in Chapter 4 focuses on fairness among supported services and
overlooks the importance of maintaining fairness among subscribers. We propose
an opportunistic fair scheduling scheme in [15] for PMP scenarios that maintains
fairness among subscribers. Our future plan is to extend this work to consider
cooperative communication.
• The scheme proposed in Chapter 4 considers concave utility functions. However,
subscribers may also have non-concave utility functions, say a step utility function
that is not differentiable. In the future, the proposed scheme can be extended to
cover other possible utility functions.
• The power allocation scheme presented in Chapter 5 is developed based Kalman
filter that is widely accepted to be practical and implementable in embedded sys-
tems. It is our intention to investigate the performance of this scheme in embedded
systems evaluation software like Labview1 to obtain insights on its performance in






Mapping to d-MKP problem and
NP-completeness
Mapping our resource allocation problem to multi-dimension multi-choice Knapsack
problem (d-MKP) which is a variation of a well known Knapsack problem (KP) proves
that our problem is NP-complete, because d-MKP is NP-complete [135]. Similar gen-
eral approaches can be found in [136] and [137].
The d-MKP problem is the problem of selecting one item from each group of items
to pack in a knapsack (i.e., bag) such that the total value of packed items is maximized
without exceeding the dimensions of the knapsack. Each group of items contains variants
of the same type of items. For example, give a group of cellphones and group of laptops,
each of the items has a dollar value, size and weight. The problem is to select one item
form reach group, such that the dollar value of items in the bag is maximized and the
dimensions (i.e., weight and size) of the bag are not exceeded. Note that Multi-choice
refers to the cellphones and laptops groups. Variants refer to the different cellphones
within a group (e.g. Motorola, Blackberry etc). The multi-dimensions refer to weight
and size. In the following, the resource allocation problem of OFDMA-based networks
modeled by (4.19) to (4.23) is mapped to the d-MKP problem.
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E [rsn] is a vector of expected rates on subcarriers allocated to sTh subscriber. The










There are 2Nsc possible subcarrier allocations for each subscriber and each allocation
results in a specific expected rate. These different possible allocation are considered
variants of the sth subscriber; thus, each subscriber is represented of a group of variants
with expected rate rsv and allocation vector for each variant wsv. Denote the group of
variants of the sth subscriber by Gs.
In OFDMA-based networks, each subcarrier of the total Nsc subcarriers is exclusively
allocated to one subscriber which is modeled by the constraint in (4.21). In s-MKP, this
constraint is represented by Nsc dimensions of the knapsack and each dimensions has
maximum length of 1.
To summarize;
• Subscribers are represented by non-overlapping groups Gs ∀s = 1, · · · , S.
• Each group contains variants sv of subscriber s. The vth variant has the value
U s(rs) (i.e., expected rate) and the N - dimensional vector wsv (i.e. subcarrier
assignment). Note that [wav]n ∈ {0, 1}.
• The maximum length on each dimension (i.e. subcarrier) is [m]n = 1.
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Therefore, the resource allocation problem is to select one variant of each group Gs to
maximize the value (i.e., sum of utilities) without exceeding the dimensions (i.e., subcar-
riers) of the knapsack (i.e., network). Thus, the resource allocation problem for OFDMA-
based networks is d-MKP.
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Proof of Maintaining Target Average
SNR on the Broadcast Channels
Following the general steady-state analysis approach in [123] and the assumption of
constant transition matrices [123, 125] over a window of frames [123, 125], we show
that under the condition (5.12) power allocations that maintains Υ(1)f |ε(1) on I(1) also




















are fixed over a win-
dow of frames. Starting with the substitution of line 15 in line 19 of Algorithm 2 and
substituting Ξ̃f for Ξ̆f , we get









At steady state where weights are equal, we can write
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By repeating the above inductions but with the parameters related to the inter-subscribers





























(1,2) . Hence, power allocation that achieves a target SNR of
Υ(1)|ε(1) on I(1), also achieves a target SNR of Υ(1)|ε(1) on I(1,2) at convergence, if
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